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CHAPTER 1. INTRODUCTION 
Backgzround-General 
Superconductivity and magnetic order are two fundamental 
properties of matter that have been studied for decades. 
However, few materials exhibit both properties. The first 
such systems were made by introducing magnetic impurities 
into superconducting materials. These systems gave great 
insight into the pair-breaking mechanisms of the magnetic 
impurities of these superconductors. However, magnetic ions 
would interact and destroy the superconductivity before 
enough of the ions had been added to the system to order 
magnetically. 
In the 1970's, two systems were discovered that allowed 
for the study of the interaction between superconductivity 
and magnetic ordering. These two systems were the 
REMOs(S, SE) g, and RERh^ B^  (where RE stands for a rare-earth 
element)^ which are superconducting ternary compounds^'^. 
From these two systems, it was concluded that 
superconductivity can coexist with long range antiferro-
magnetic order, but that ferromagnetism usually leads to the 
destruction of superconductivity^'^®. Experimentally, these 
systems are hard to study because Tj,(i.e. magnetic transition 
2 
temperatures) is very low; (<1K) which is below the 
temperature of pumped liquid ^He. Also T^»Tj, for most of 
these systems. Therefore you cannot examine comparable 
energy scales. In addition single crystal samples were very 
rare and not examined until 5-10 years after the discovery of 
a new system. 
RENi2B2C - Xntroduc t ion 
The recent discovery of the rare-earth boride carbide 
family RENizB^C has provided another system to study 
the interplay of superconductivity and magnetism. In 
addition, these compounds have much higher transition 
temperatures (Tj,=l. 5-20K, T^^S . 2-16 . 6K) which make them easier 
to work with experimentally. This system exhibits a variety 
of ground states from just superconductivity (in and Lu 
compounds) , superconductivity coexisting with magnetic order 
{Tw^^, , and compounds), and magnetic order 
without superconductivity (Gc?^' and coitpounds) . The 
transition temperatxires for these compounds are given in 
Table l.l", with the highest superconducting temperatures, 
16.6 and 15 . 6K for the Lu and Y compounds . The 
superconductors in these coiipounds are conventional 
superconductors even though they have a layered structure. 
3 
Table 1.1: Transition temperatures of the RENi;B,C family. 
RE Te(K) T„(K) 
15.5 
16.6 
Tm22 10.8 1.5 
Er" 10.5 6 
Ho23 8.5 6 
Dy" 6.2 10 
Tb^® - 15 
- 20 
- 9 
- 4.5 
4 
common to high T^. superconductors, which can be seen in Figure 
1.1. 
Incommensurat^e Magnetic Structure 
Many interesting papers have been published on the 
RENijBjC system since the discovery of these compounds in 
1994. Of particular relevance to this dissertation is the 
magnetic structure of a few of the magnetic compounds, 
specifically the magnetic ordering of Ho, Er, Gd, and Tb. 
These compoiands order in an incommensurate modulation of the 
moments along a* with wave vectors of 0.585, 0.553, 0.553, 
and 0.551 to 0.545 for Er"-'', Gd'', and Tb'®, 
respectively. In Er (T^. =10.5K), below 6 K, magnetic 
diffraction peaks appear in rows parallel to the reciprocal 
a-axis as in Figure 1.2. These peaJcs can be indexed as first 
and higher-order satellites of the allowed nuclear 
reflections with an incommensurate wave vector (0.553,0,0). 
A similar magnetic struct\ire with wave vector (0.585,0,0) was 
also observed between approximately 6 and 4.7 K in the Ho 
compound. 
It is interesting that an incommensxirate magnetic 
structure with wave vector along a* is a common feature of 
the magnetic structures of several of these compounds (Ho, Er, 
Tb, and Gd) . The magnitude of the wave vectors do not vary 
appreciably among these compounds and are close to the zone 
5 
c O 
5  ^
OHo Ni oB • C 
Figure 1.1: The crystal structure of HoNijBjC. Ho can be 
replaced with any rare-earth element.(After 
Reference Grigereit^^) 
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Figure 1.2: Neutron diffraction scan along the a* direction 
for ErNijBsC. One monitor corresponds to a 
coxonting interval of approximately 1 sec. (After 
reference Zarestky^®) 
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boxmdary point G^. This suggests that there are common Fermi 
surface nesting features along a* which cause the magnetic 
ordering of the rare-earth magnetic moments via the Ruderman-
Kittel-Kasuya-Yosida (RKKY) mechanism. 
Fhonon Softenizig-Kohn Anomaly 
The lattice vibrations of the atoms are partly screened 
by the electrons. Essentially, a phonon of wave vector q and 
frequency co sets up a potential field due to the motion of 
the ions in the metal. The electrons move to screen this 
field and modify the ion-ion interaction which in turn alters 
the phonon frequency. The screened field will be inversely 
proportional £(^), where £(^) is the dielectric function 
describing the screening of the electrons(see appendix A). 
By modifying the forces between the ions, the lattice 
frequency, CD, of this mode of vibration will depend on e{q) . 
Hence, any singularity in e will be reflected in the phonon 
frequency. 
Kohn''^ proposed that for metals this screening changes 
rather rapidly, depending on the Fermi surface's geometry. 
Thus, the electron-phonon interaction will be reflected in 
the phonon spectznom of some metals depending on the detailed 
e l e c t r o n i c  s t r u c t u r e .  I n  a d d i t i o n ,  e { ^ )  w i l l  c h a n g e  w h e n  q  
is equal to a spanning vector connecting two pieces of Fermi 
8 
surface. This means that the electrons which usually screen 
the motions of the ions are unable to screen as effectively 
for ^ = .where q^, a q vector connecting two extremum pieces 
of Fermi surface. Kohn was the first person to point out that 
the drop in 8 (^) as q is increased through , where q^ = 
2k^ for a free electron gas with Fermi wave number , should 
lead to a small sudden change in the eigenfrequency (0(q) at 
the point q = q^. 
This effect of the electron-phonon interaction on the 
phonon dispersion curves was first observed by Brocldaouse''^ in 
lead. The dispersion curves of lead have several small 
anomalous kinks at wave vectors corresponding to nested 
pieces of the fermi surface. Since this time, numerous Kohn 
anomalies have been observed in other metals. 
A calculation(without matrix elements) of the 
generalized electronic susceptibility ' where 
E{ q )  = 1 + 47CX(^) , 
is shown in Figure 1.3. This electronic susceptibility for 
LuNijBjC is based on the normal-state electronic band 
structure of this compoxind which was made by Rhee et al." The 
X(q) showed a peak near wave vectors corresponding to those 
observed for the incommensurate magnetic structure observed 
in Ho, Er, Gd, and Tb. This peak in is due to a nesting 
of the Fermi surface shown in Figure 1.4 by the solid arrow. 
Figure 1.4 is a cut of the Fermi surface (perpendicular to 
105.0 
102.5 
c 
3 
C3 
M  1 0 0 . 0  
^ 97.5 
95.0 I i I 
0.00 0.20 0.40 0.60 
q (2TC/a) 
0.80 1.0 
vO 
Figure 1.3; Generalized susceptibility along the a* 
axis. (After Reference Rhee^^) 
10 
(N -1.0 
k A 
-1.5 -1.0 -0.5 
q, (2n/a) 
Figure 1.4: Fermi surface cross section on the planes 
perpendicular to the c axis. (After Reference 
Rhee") 
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the c axis) and the arrow shows the region of the Fermi 
STxrface that are nearly parallel and give rise to the peak in 
the generalized susceptibility defined"®^ as 
-o) = y /[£.(k)]{l-/[£„(k-fq)]} 
£„(k + q)-£Jk) 
where f is the Fermi-Dirac distribution function and n, m are 
indexes of the electronic bands. Since there appears to be a 
strong nesting of the Fermi surface of LuNi^BjC'', one would 
also expect strong Kohn anomalies in the phonon dispersion 
ciirves of this compound. This dissertation will detail the 
dispersion curves and Kohn anomalies in the Lu compound. 
Other compounds in this family have been studied 
experimentally by other groups. Gompf et al. found that the 
phonon softening in the LuNi^B^C confound was so significant 
that it was observed in their phonon-density of states 
measurements. Likewise, Yanson et al.'^ found phonon 
softening in their point-contact spectra of these compounds. 
Kawano et al.'*® performed a detailed study of the low-lying 
excitations in the YNijBjC compound and found softening as 
predicted above and claims that there may be a new type of 
excitations below the superconducting transition temperature. 
12 
Crystal Structure 
The structure of these compounds*' is body-centered 
tetragonal (space group I4/rnmni) and consists of RE-C layers 
separated by Ni^B^ sheets as can be seen in Figure 1.1. The 
crystals used in these experiments were grown at the Ames 
Laboratory by the high-temperature flux technique.With 
the high-temperature flux technique, crystals as large of 
700mg(7mm x 7mm x 0.5mm) can be grown. Typically the c-axis 
is around 3 times larger than the a-axis. Some cypical 
lattice constants from neutron scattering experiments are 
given in Table 1.2. 
Experimental-Neutron Scattering 
This section will detail some practical aspects of 
neutron scattering directly related to this dissertation. 
Other texts cover the subject of neutron scattering^^'^^'"'^'*'"^''^ 
in much greater depth than this dissertation. 
Unlike X-rays and electromagnetic radiation such as 
infrared radiation, neutrons have wavelengths aind energies 
comparable with the interatomic spacing and phonon energies 
of solids. Taking this into account as well as the fact 
that neutrons have no electric charge, makes neutron 
13 
Table 1.2: Lattice constants from neutron scattering for 
RENi,B,C (After Reference Siegrist^^) . 
FE Lat. Par. (a) A Lat. Par. (c) A 
Lu 3.467 10.63 
Tm 3.494 10.6 
Er 3.508 10.57 
Ho 3.526 10.54 
Dy 3.535 10.55 
Y 3.544 10.47 
Tb 3.561 10.43 
Sm 3.629 10.23 
La 3.803 9.795 
scattering an ideal tool for the study of dynamical 
properties of crystalline solids. The neutron interacts with 
the nucleus primarily though the nuclear force. The range of 
the neutron-nucleon interaction is of the order of 1 Fermi 
while the wavelength of the incident neutrons is roughly 1 A. 
This iitplies that neutron scattering is isotropic and can be 
characterized by a single parameter b, the scattering length. 
The value of b can be both positive, negative, or even 
con:5)lex depending on the nucleus involved. In addition, 
different isotopes and spin orientations of the neutron and 
nucleus also affect the scattering length. 
Most crystals are made up of a variety of isotopes, and 
therefore b may vary from nucleus to nucleus. Only the mean 
scattering potential can give interference effects and thus 
have coherent scattering. Likewise, the variations in 
scattering potential from different nucleus is proportional 
differential cross section for scattering of neutrons into 
the solid angle Q can thus be represented as a sum of two 
terms: 
to { b ~ — b ' ) -  and give rise to incoherent scattering. The 
J i/icoherenx coherent 
The differential cross section of one-phonon inelastic 
coherent scattering is given by 
15 
f  ^ 
XidE 
N • J coherent \ '"i® 
f/Q) 5{h(0 + hco (q))S{Q -(q + f)) 
coft 
where 
V. is the volume of the primitive cell. 
n = average occupation number = n_ = 
exp[—-—] -1 
^  k T  
B 
q  = phonon wave vector, 
hCDjCq) = energy of the phonon in the j~ mode with 
wave vector q, 
i = reciprocal lattice vector, 
Q = k.—k^ is the scattering vector, 
n - i k f - k l )  
h(0 = IS the energy change of the neutron, 
2M, 
e  * is the inelastic structure 
factor, 
is the coherent nuclear scattering amplitude 
^ t k  
of atom k, 
N,^ = number of atoms of type k in the crystal, 
r (k )  = the position vector of atom k with respect to the 
origin of the unit cell, 
and = Debye-Waller factor for atom k. 
15 
The delta functions in the differential cross section 
requires conservation of energy and momentum up to a 
reciprocal lattice vector. The ± signs indicate the 
creation(upper) and annihilation(lower) of a phonon in mode j 
with wave vector q . Since the average occupation number goes 
to 0 at low temperatures, most phonon low temperature 
experiments have to be done with the creation of phonons, or 
energy loss to the neutrons so that 
2 2 
is equal to 1, 
and not 0 at low temperatures. 
Experimentally, we want to maximize the coherent 
scattering so that we can observe the phonon peaks and 
hopefully minimize the background. By looking at the 
inelastic structure factor, we see that it contains the 
following expression Q-e{k,jq). By maximizing Q we will be 
increasing the inelastic structure factor. This same 
expression is what determines which phonon polarization, or 
mode, will be picked up in a certain configuration. If the 
phonon polarization is parallel to Q the phonon mode should 
be observed in a scan. The RENi2B2C phonon modes do not have 
the typical longitudinal and transverse symmetry along the 
[100] as are observed in most simple systems. Instead, these 
modes develop both transverse(along c*) and longitudinal 
components for the Ni and B atoms for two of the four 
representations. The RE and C atoms on the other had, do not 
17 
exhibit both transverse and longitudinal components. For 
example, for small wave vectors, the is transverse in 
natxire, however, as the wave vector increases, the Ni and B 
atoms develop a longitudinal component. This means that it 
is theoretically possible to pick this mode up from a 
longitudinal configuration. Only a conplete analysis of the 
inelastic structure factors will tell you which Q will give 
you the largest structure factor. 
The incoherent scattering cross section does not depend 
on Q and will be treated as background for these 
experiments. Typically, phonons will have a peak height of a 
few hundred counts with a background of 50 or less. Figures 
1.5 and 1.5 show two phonon profiles for LuNi,B,C and YNi^BjC 
respectively. 
Experimental-Triple Axis Spectrometers 
A schematic diagram of HB3 triple axis spectrometer at 
Oak Ridge National Laboratory(ORNL) is shown in Fig. 1.7. A 
large single crystal (pyrolitic graphite for these 
experiments) is used as a monochromator to Bragg reflect 
neutrons of a particular wavelength from the reactor 
spectrum. By varying the angle of the monochromator 20^, and 
0^, the wavelength of the monochromatic beam can. be varied. 
18 
LuNi B C 
2 2 
T=295K 
i f  
(-0-3,0,8) 
q=0.3 
CD 0 CD <P 
$ 
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Energy (meV) 
9.5 10 
Figure 1.5: Phonon profile of LUNi^B^C for Q= (0.3, 0,8) at 
T=300K. 
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Figure 1.6: Phonon profile of YNi2B2C for Q=(0.3,0,8) at 
T=300K. 
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Figure 1.7: Diagram of the HB3 triple axis spectrometer at 
the HFIR reactor at Oak Ridge National Lab. 
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The momentum of the incident neutrons of energy is 
determined by the direction of the beam and the relation 
E  =  
° 2M„ 2M„[ d„  
where Mjj is the mass of the neutron and d^^ is the spacing of 
the reflecting planes of the monochromating crystal. 
Next, the beam is incident on the sample crystal set at 
an angle \\f and is scattered at a scattering angle <1) towards 
the analyzing crystal. The energy of the reflected beam of 
scattered neutrons is determined with the analyzer crystal. 
The final momentum of the neutrons is determined from the 
angle <{) and the relation 
;rsin6. 
2Af„ 2M„ 
rl n 
where 0^ is the glancing angle at the analyzer and d^ is the 
spacing of the reflecting planes of the analyzer. 
Most of the experiments described in this dissertation 
were done at fixed analyzer energy of 14.5 meV, or 30.5 meV. 
These energies were chosen so that the pyrolitic graphite 
filters placed in front of the analyzer would attenuate 
higher-order contamination. 
After the analyzer, the neutron beam travels into a 
detector. Since the neutron does not have any electric 
charge, a BFj or ^He gas detector is typically used. The 
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neutron, then interacts with the gas producing radiation by 
the relation 
\Ee  + \n  = \H + \H + 0.76 Mev 
Counters are typically cylindrical with a diameter of a few 
centimeters and a length of around 30 cm. These detectors 
have an efficiency of about 80%. 
A typical spectrometer also has collimators along the 
path of neutrons to improve resolution of the instrument. 
Typically we use collimation of 40'-monochromator-40'-sample-
40'-analyzer-80'-detector. Of course tighter collimation 
gives less background, but typically requires longer counting 
time to get the same intensity of the phonon peak. In 
addition, a sapphire filter was used before the monochromator 
in some experiments to eliminate higher energy neutrons. 
Experimen.tal-''Constan.t-Q'' Met:h.od 
The most common method used in determining the phonon 
dispersion relations using a triple axis spectrometer is the 
constant-Q method. In this method the scattering vector 
Q = k.—lcj. is held constant, while the energy transfer. 
nQ) = —(kr-P-)  O/U V ' f I  2M„ 
is varied. This method is illustrated in Fig 1.8 and 1.9 for 
the (hOl) scattering plane[we assume this plane is parallel 
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-Kf 
(008) 
(004) 
(200) (000) 
Figure 1.8: The constant Q method of phonon measiirement. 
This figure illustrates the motion of momentum-
space vectors in the (hOl) scattering plane for 
a constant Q scan using fixed final energy(i.e. 
fixed ) . 
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Figure 1.9: The constant Q method of phonon measurement. 
The left figure shows a scan through a 
dispersion curve as produced by this method, 
while the right figure shows the resultant scan 
we see experimentally. 
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to the scattering plane of the spectrometer]. This amounts 
to scanning along the solid line in Fig. 1.8. For these 
experiments, we usually fix the final energy, which in turn 
fixes the magnitude of kj. The magnitude and direction of k, 
are then varied so that Q = k^~k^ is held constant. This 
allows the energy transfer to be varied which results in a 
vertical scan through the dispersion curve as can be seen in 
the left side of Fig 1.9. This results in a peak of the 
'neutron group' in the left side of Fig 1.9 which will define 
the frequency (Oj{q). By varying q we are then able to map out 
the dispersion curves for a sairple. The different 
polarizations can be selected by using different Q which will 
favor certain modes and suppress others according to the 
inelastic stjructure factor discussed above. Usually only 
high symmetry directions are mapped out in this way. For 
this body-centered tetragonal, we have mapped some of the 
lower A, A, and Z branches which are along the [100], [001] 
and [110] directions. 
Dissertation Organization 
The first chapter gives a brief overview of the system 
discussed in this dissertation. Chapters 2-5 and Appendix B 
of this dissertation consist of papers that are published, or 
have been submitted, which show experimental data regarding 
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the phonon softening of LixNi^BjC. The papers are in 
chronological order and show how the problem has progressed 
over time. Each of these papers has a list of references 
pertaining to that particular paper, which are located at the 
end of each chapter. The author's name is first on the last 
three papers, and second on the other two papers; the author 
played a significant role in the experimentation, data 
interpretation, and compiling of all five papers. At the 
time this dissertation was completed, the paper that is 
chapter 4 of this dissertation has not been approved by-
Physical Review B for publication yet. In addition, the 
paper given in appendix B is a rough draft of a proposed 
paper that should be submitted shortly after the completion 
of this dissertation. 
Chapter 6 will contain a summary of the conclusions up 
to date. Appendix A will consist of a brief derivation of 
X(q) which is talked about in the introduction of the 
dissertation. Appendix B will contain a Bom-von Karman 
model fit to the experimental LuNijB^C data and a comparison 
with experimental data. Appendix C will contain a brief 
summazy of the work done on LuNi^BjC as well as a complete 
listing of experimental data taken on the crystals which may 
be needed later for theoretical models of this system. 
Appendix D will outline a brief introduction covering some of 
the field theory used in the theoretical work for this 
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thesis. The bibliography at the end of the dissertation will 
contain references cited in Chapters 1, Chapter 6, and 
i^pendices A, C, and D. 
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CHAPTER 2. SOFT PHONONS IN SUPERCONDUCTING 
LiiNi2B2C 
A paper published in Physical Review 
P. Dervenagas, M. Bullock, J. Zarestky, P. Canfield, 
B. K. Cho, B. Harmon, A. I. Goldman, and C. Stassis 
Ames Laboratory and Department of Physics and Astronomy 
Iowa State University, Ames, lA 50011 
Abst:ract: 
Inelastic neutron scattering techniques have been used 
to measure the low-lying phonon dispersion curves of 
superconducting LuNi2B2C along the [^00] and [OOq] symmetry 
directions. The most important result of this experiment is 
that the phonon frequencies of the acoustic and first optical 
^4 [^00] branches in the vicinity of the zone boundary point 
Gi decrease with decreasing tenperature. Actually these two 
branches exhibit pronounced dips at low temperatures, close 
to Gi- This shows that the electron phonon interaction is 
quite strong and causes an incipient lattice instability, a 
behavior typical of strongly coupled conventional 
'Reprinted with permission from Phys. Rev. B 52 R9839 (1995). 
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superconductors. Furthermore, the phonon anomalies occur at 
wave vectors close to those of the incommensurate 
magnetically ordered structures obseirved in the magnetic 
compoxmds of this family, which suggests that both the 
magnetic ordering and the incipient lattice instabilities are 
influenced by common nesting features of the Fermi surfaces 
of the rare-earth nickel boride carbides. 
Xnt: r o due t: i on 
The quaternary intermetallic coitpounds of the recently 
(X~4) discovered family of rare-earth nickel boride carbides, 
RENi2B2C (where RE stands for a rare-earth element) , have very 
interesting physical properties. The stjructure'^' of these 
compounds is body-centered tetragonal (space group l4/mmm) 
and consists of RE-C layers separated by Ni2B2 sheets. Many 
of these compounds are superconducting with the highest 
superconducting temperatures, 16.6 K and 15.6 K, observed'"''^' 
for the Lu and Y compounds, respectively. Particularly 
interesting is that superconductivity is not only observed 
for non-magnetic rare-earth elements but also for magnetic 
rare-earth elements such as Tm, Er, and most recently 
Dy'®"^'; the Tm, Ho, Er, and Dy compounds are superconducting 
with superconducting temperatures of 10.8 K, 8 K, 10.5 K, and 
6.2 K, respectively, whereas the Gd and Tb compounds are not 
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superconducting at least down to approximately 2 K. This 
family of intermetallic compounds is, therefore, particularly 
well suited for a detailed study of the interplay between 
superconductivity and magnetism, which has been previously 
examinedin the RERh4B4 and REMogSa magnetic 
superconductors. 
The magnetic structure of Ho, Er, and Dy compounds have 
been studied'^"^""'' by neutron diffraction techniques and that 
of GdNiaBjC by resonant magnetic X-ray scattering.In 
DyNi2B2C and below 4.7 K in HoNi2B2C a simple antiferro-
magnetic structure, consisting of ferromagnetically aligned 
basal-plane layers with the magnetic moments of two 
consecutive layers pointing in opposite directions, has been 
observed. In the Ho compound, two incommensiirate modulations 
of the moments were observed between 4.7 and 6 K, one with 
wave vector along c*, and the other with wave vector along 
a *. The latter modulation has also been observed in the Er 
and Gd compounds. The above experimental results suggest*'"^' 
that there are common Fermi surface nesting features along 
a* and/or c* which cause the magnetic ordering of the rare-
earth magnetic moments via the RKKY mechanism. 
Electronic band structure calculations''"'"^'' suggest that 
these materials are conventional superconductors with a 
relatively high density of states at the Feirmi level. These 
calculations show that there is a rather complex set of bands 
31 
crossing E? which are strongly coupled to the phonons and may 
be responsible for the superconducting properties of these 
conpounds. More recently, Mattheiss, Siegrist, and Cava 
suggested'^"' that superconductivity in these systems can be 
attributed to a conventional electron-phonon mechanism that 
couples the s-p like conduction electrons to a high-frequency 
boron Aig phonon mode in which the boron atoms move along the 
c-axis relative to the other atoms. The energy of the Raman 
active boron Ai.g mode was calculated'"^' by Pickett and Singh 
to be 106 meV{=850 cm'") , a value in good agreement with Raman 
scattering measurements .Furthermore, Pickett and Singh 
obtained an estimate of 20 meV for the average phonon 
frequency by using resistivity data to estimate the electron-
phonon coupling parameter {X ~ 2.6) . Since this estimate of 
an average phonon energy is considerably lower than the 
energy of the boron Aig mode, they suggest that 
superconductivity in these compounds may involve soft modes 
or strong contributions from the heavier atoms. 
More recently, lUiee, Wang, and Harmon'^^' performed a 
calculation (without matrix elements) of the generalized 
electronic susceptibility X(q) of LuNi2B2C based on the normal 
state electronic band structure of this compound. Peaks in 
the calculated occur near wave vectors corresponding to 
those observed for the incommensurate magnetic structures 
observed in HoNi2B2C. Of particular interest is that the 
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sharp peak in the calculated along a* is due to strong 
Fermi surface nesting and occurs at a wave vector of 
approximately 0.6, which is close to the values of the 
incommensurate magnetic modulations along a* observed in the 
Ho, Er, and Gd compounds (0.585, 0.553, and 0.553, 
respectively). If such a strong nesting feature is indeed 
present at the Fermi surface of LuNi2B2C, one also would 
expect strong Kohn anomalies in the phonon dispersion curves 
of this compound. 
It is clear from the above discussion that experimental 
studies of the lattice dynamical properties of these 
coirpounds may lead to a better understanding of their 
properties. No detailed experimental study of the phonon 
dispersion curves of these compoxinds has been performed to 
date, since the presently available crystals are not of 
sufficient size for inelastic neutron scattering experiments. 
However, by mounting two crystals together, we were able to 
measure several low-lying phonon dispersion curves of the Lu 
coitpound. In this report we present the results of these 
experiments. 
Eacp e r Imexit: a 1 
Single crystals of LuNi2B2C were grown at the Ames 
Laboratory by the high-temperature flux technique as 
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described elsewhere.The crystals obtained are platelets 
with the c-axis perpendicular to their flat surface. Since 
the size of the crystals (approximately 5x5x0.5 mm') is 
relatively small for inelastic neutron scattering, a 
composite crystal, consisting of two of these crystals, was 
used in the present experiments. The two crystals were 
mounted together and their alignment was adjusted \antil their 
Bragg reflections were found to coincide to within the 
instrumental resolution. 
The experiments were perfcanned using the HBIA, HB2, and 
HB3 triple-axis spectrometers at the High Flux Isotope 
Reactor (HFIR) of the Oak Ridge National Laboratory. 
Pyrolitic graphite reflecting from the (002) planes was used 
as both monochromator and analyzer in the HB2 and HB3 
spectrometers and the data were collected using fixed 
scattered neutron energies of 14.7 and 30.5 meV. The HBlA 
spectrometer is a constant incident energy (14.7 meV) 
instrument utilizing a double pyrolitic graphite 
monochromator (reflecting from the (002) planes) . The 
collimation before the sample was either 20 or 40 minutes of 
arc and that after the sample was 40 minutes of arc. 
Pyrolitic graphite filters were used in all spectrometers to 
attenuate higher-order contaminations. 
All data were collected with the crystal oriented so 
that the scattering plane coincides with the a-c crystal 
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plane. Measurements of the phonon dispersion curves were 
performed along the [^00] and [00^] high symmetry directions 
The measurements along the [qOO] direction were extended 
beyond the zone boundary point Gi 
f  
K  
at — 
o-
f tW 
i.V 
D  
to (27C/a, 0, 0) 
which is the same point as the zone boundary point Z along 
the [00^] direction. While most measurements were performed 
at room temperature, the temperature dependence of the phonon 
frequencies of the interesting A4 branches along the [^00] 
direction was determined by measurements at 120, 60, 25, 10, 
and 2 K. A selected number of phonon frequencies of the 
other branches were also measured at 10 K to assess whether 
they exhibit anomalous behavior. 
The measured frequencies were assigned to the various 
branches by comparing the measured intensities of the 
corresponding neutron groups with calculations of intensities 
based on Bom-von-Karman force constant models; the 
parameters of the force-constant models were determined by 
fitting the neutron scattering data along with the 
frequencies of the meas\ared'^''^^' Raman active modes. The way 
we have chosen to satisfy the compatibility relations at the 
zone boundary point Z is only one of several alternatives, 
since the phonon frequencies belonging to different 
representations are so close to each other in the vicinity of 
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Z that the corresponding neutron groups cannot be 
sufficiently resolved with the resolution of the present 
experiment. 
The lowest lying acoustic and optical branches were both 
obtained by measurements from the (008) reciprocal point, 
i.e., with a configuration appropriate for transverse 
branches with polarization along the c-axis. By symmetry, 
the acoustic branch with this polarization belongs to the A4 
representation. Based on the analysis of the data using a 
Bom-von-Karman force constant model (see previous 
paragraph) , the optical branch was also assigned to the A4 
[^00] representation. For small wave vectors, both A4 
branches are purely transverse with atomic displacements 
along the c-axis. For the acoustic branch all atoms move in 
phase, whereas in the optical branch the motion of the Ho 
atom is out of phase with that of the other atoms. For 
larger values of the wave vector the Ho and C displacements 
remain transverse, while the Ni and B atoms develop a 
longitudinal component. 
Results and Discussion 
At room temperature, the phonon frequencies of the 
acoustic and optical branches, with zone-center energies at 
approximately 14, 15, and 24 meV, were measured. The room 
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temperature acoustic and lowest lying optical branches are 
plotted in Fig. 2.1. The highest measured energy at the zone 
center {- 24 meV) is in good agreement with the 
experimentally determinedlowest Raman active Ni-Big 
mode. A complete analysis of these measurements in terms of 
lattice dynamical models will be pxiblished elsewhere. 
The most interesting result of these experiments is the 
temperature dependence of the observed phonon frequencies. 
The frequencies of selected phonons on all the measured 
branches, except the A4 [^00] , show no significant change with 
temperature. The phonon frequencies of the acoustic and 
first optical A4 [^00] branches in the vicinity of the zone 
boundary point Gi, on the other hand, decrease with decreasing 
temperature. Actually, these two branches exhibit pronounced 
dips at low temperatures close to Gt (Fig. 2.2). This is 
quite a unique case of soft phonon behavior: the softening 
occurs over the same region of wave vectors for two (A4)  
branches that cannot cross by symmetry. 
The observed phonon softening shows that the electron-
phonon interaction is quite strong in this compound and 
causes an incipient lattice instability, a behavior which is 
typical of conventional superconductors with relatively high 
superconducting transition temperatures. This observation 
provides experimental support for the argument, based on band 
theoretical calculations,that this compound is a 
37 
conventional superconductor. The strong electron-phonon 
interaction is presumably responsible both for the relatively 
high Tc of this compound as well as the observed incipient 
lattice instability. 
As mentioned in the Introduction, Pickett and Singh 
argued''^' that soft phonon modes, as those observed in this 
experiment, may be involved in determining the 
superconducting properties of this compound. However, the 
importance of the observed soft phonons in determining Tc 
r e l a t i v e  t o  t h a t  o f  t h e  b o r o n  A i g  m o d e  i n  t h e  m o d e l o f  
Mattheis, Siegrist, and Cava cannot be presently ascertained 
without comparing the experimental results with detailed 
lattice dynamical calculations incorporating the electron 
phonon interaction. 
The calculated'^^' (without matrix elements) generalized 
electronic susceptibility of LviNi2B2C along [qOO] exhibits a 
prono\inced peak close to due to a strong nesting feature of 
the Fermi surface of this compound. This nesting feature may 
be responsible for the observed incommensurate magnetic 
ordering wave vectors in the magnetic rare-earth nickel 
boride carbides. The same Fermi siirface nesting feature may 
be responsible for the strong anomalies observed in the 
present experiment for the A4 [^00] phonon modes close to Gi. 
Therefore, it appears that in the magnetic compounds of this 
family we may have the interesting situation where, due to 
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Che nesting of the Fermi surface, phonon softening and 
magnetic ordering are competing to decrease the energy of the 
system. Therefore, the electron-phonon and RKECY interactions 
in the magnetic superconducting systems are extremely 
interesting and further experimental and theoretical 
investigations will be required to establish a detailed 
understanding of the low temperature properties of these 
materials. An experimental study of the phonon dispersion 
cuives of HoNi2B2C is presently in progress in this 
laboratory. 
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Figxire 2.1: Room temperatiire acoustic and lowest lying 
optical phonon dispersion curves of LuNi2B2C 
along the [^00] and [00^] symmetry directions. 
The lines are intended as guides to the eye. 
The size of the symbols is a measure of the 
estimated lancertainties in the measured 
frequencies. 
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CHAPTER 3. PHONON MODE COUPLING IN 
SUPERCONDUCTING LuNi2B2C 
A paper published in Physical Review 
C. Stassis, M. Bullock, J. Zarestky, P. Canfield, 
A. I Goldman 
Ames Laboratory and Department of Physics and Astronomy 
Iowa State University, Ames, lA 50011 
G. Shirane and S. M. Shapiro 
Brookhaven National Laboratory, Upton, NY 11973 
Abstzract 
Recently, Kawano et al. reported that a new phonon-like 
excitation, localized in q and CO, appears below T_ in the 
superconducting compound YNi^B^C. This interesting 
obseirvation led us to perfom a series of new experiments on 
the previously studied LuNijBjC superconducting compound 
covering a large range of q and CO. We demonstrate that there 
is no new excitation and that the lowest lying excitations 
can be associated with the A^[<^00] acoustic and optical 
phonon branches which exhibit pronounced dips at low 
"Reprinted with permission from Phys. Rev. 3 55 Ra67 8 (1996). Copyright 
© 1996 The American Physical Society 
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temperatures for wavevectors close to the Fermi surface 
—> 
nesting vector, ^ characteristic of these compounds. 
Above T^, as the temperature decreases the frequencies of 
—> 
both modes in the vicinity of ^ ^  decrease and there is a 
shift of intensify from the upper to the lower mode, an 
effect characteristic of mode coupling. Below T_, there is a 
dramatic decrease in the line width of the acoustic mode due 
to the opening of the superconducting gap. 
Ixit:roduction 
The rare-earth nickel boride carbides{RNi2B2C; 
R=rare-earth) have very interesting properties. Their 
crystal structure,'^' body-centered tetragonal (space groups 
I4/mmm) , resembles that of the high-T. superconductors and 
consists of R-C layers separated by NijB^ sheets (typically 
O 
a = 3.5A and c  = 3a)  .  Many of these compounds (R=Lu, Y, Tm, Er, 
Ho, Dy), including several containing magnetic rare-earth 
elements, have relatively high superconducting transition 
temperatures'^""' (T^. =16.5K for the Lu, and T^. =15.5 for the Y 
compound) . 
The magnetic structures of these confounds have been 
studied extensively by neutron and x-ray scattering 
techniques.'" The superconducting Er'®'®' and compounds 
and the non-superconducting Tb'"' and Gd'"' compounds all order 
46 
in an incommensiirate magnetic structure characterized by a 
—> 
propagation vector 4 0' 0) with <^^ = 0.55 for all of 
these compounds. This observation, and band theoretical 
calculations'*"*' of the generalized electronic susceptibility 
—^ 
Z ( <1 )  of LxiNijBjC, led to the suggestion that a common Fermi 
—> 
surface nesting, characterized by a nesting vector 
exists in these compounds and it is responsible for the 
ordering of the rare-earth moments via the RKKY mechanism. 
The existence of such a nesting suggested that strong Kohn 
anomalies should be observed in the dispersion curves of 
these compounds for wavevectors close to the nesting 
—> 
wavevectors g . Recently, Dervenagas et al. measured the 
phonon dispersion curves of the non-magnetic Lu compound (T^. 
= 16.5AT) along the [<^00] and [00 symmetry directions. They 
found that indeed the frequencies of the lowest lying 
acoustic and optic A^E^OO] near decrease with decreasing 
temperature and exhibit strong dips at low temperatures. 
More recently, Kawano et al.'"®' studied the temperature 
dependence of the phonons close to in the non-magnetic Y 
compoxind (T^=15K) . They reported that at ^=0.525 the 
frequency of the acoustic A^L^OO] branch decrease with 
decreasing ten^jerature, as in the case of the Lu compound, 
but that the frequency of the corresponding optical mode 
remain practically unchanged. In addition, they reported 
that a "new" peak appears below T^. at 4 meV and at the same 
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wavevector { ^ = 0 . 5 2 5 ) .  This interesting observation led us to 
perform new experiments on LuNi2B2C in order to understand the 
appearance of this new excitation. 
The experiments were perfoirmed on a composite crystal 
consisting of two 4x4x0.5 mm^ single crystals. The two 
crystals were oriented within 0.8 decrees on a single holder 
and placed in an He-gas filled aluminum can in a low 
temperature refrigerator capable of regulating the 
temperature between 3.5 and 300K better than ±0.1K. The 
crystal was mounted with the [010] direction perpendicular to 
the scattering plane and most measurements were made in the 
Brillouin zone centered at (0,0,8). The experiments were 
performed using the H-7 and H-8 triple-axis spectrometers at 
Brookhaven National Laboratory's High Flux Beam Reactor. 
Pyrolytic graphite (PG), reflecting from the (002) planes was 
used as monochromator and analyzer, and a 75mm thick PG 
filter was used after the sairrole to eliminate higher order 
contamination. Most of the data were collected using a fixed 
final neutron energy of 14.7meV and a collimation of 40-40-
40-80 minutes of arc in the standard positions on the 
spectrometer. 
In the present investigation we studied in detail the 
temperature dependence of the two lowest lying transverse-
like acoustic and optical phonon branches propagating along 
the [^00] direction (Fig. 3.1). These two branches belong to 
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the same A4 representation and, for small wavevectors, are 
purely transverse with atomic displacements along the c-axis; 
for the acoustic branch all atoms move in phase, whereas for 
the optical branch the motion of the Lu atoms is out of phase 
with that of the other atoms. For wavevectors well into the 
Brillouin zone the Lu and C displacements remain transverse 
while the Ni and B atoms develop a longitudinal component. 
Since the two modes belong to the same irreducible 
representation, they cannot cross in energy and, therefore 
must interact strongly. In fact, it can be seen (Fig. 3.1) 
that at room temperature these two branches approach each 
other and then are ''repelled" near ^^ = 0.5. At this 
temperature the two modes are well separated at q = QA (top 
panel of Fig. 3.2) but as ^ approaches the two modes are 
so close in energy that it is difficult to resolve them. At 
<^=0.475 the acoustic mode is barely visible as a shoulder 
near 9.0 meV (top panel of Fig. 3.2). As the temperature 
decreases the frequencies of both modes decrease (Fig. 3.2) 
and there is a shift of intensity from the upper to the lower 
mode, an effect characteristic of mode interaction. At 12OK 
the <^=0.475 optical mode is just a shoulder to the peak 
corresponding to the acoustic branch, almost a complete 
reversal from the room temperature spectrum. As the 
teirperature is further decreased the frequencies of the modes 
close to g=0.5 continues to decrease as well as the transfer 
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of intensity from the upper to the lower mode. As a result 
already at 3OK, well above T^, only a broad peak is observed 
(see top panel of Fig. 3.3) and it is difficult to establish 
the energies of the individual acoustic and optical modes. 
This type of mode coupling is quite common and has been 
observed in compoxinds undergoing structural phase 
transitions.'^"" The situation is more complicated for 
LuNijBjC, since the observed pronounced phonon anomalies are 
due to the strong electron-phonon interaction via the nesting 
of the Fermi surface. The softening of these modes in the 
present case is due to the sharpening of the Fermi surface 
nesting feature as the temperature decreases. Anharmonic 
effectsmay play some role as the compound approaches (but 
never achieves) a phase transformation at low temperatures. 
At 15K, just below T;,, the spectrum is practically 
unchanged from that obtained at 3OK. However as the 
temperature is further decreased below T^ a dramatic change 
in the spectrum is observed (lower panels of Figs. 3.2 and 
3.3). The spectriim consists of a sharp peak at approximately 
4.5 meV with a broad weak shoulder in the higher energy side. 
The position and width of the lower peak remain unchanged 
below approximately 14K and its peak intensity (Insert of 
Fig. 3.3) follows approximately the same temperature 
dependence as the excitation studied by Kawano et al.'*'" The 
energy of this lower excitation varies continuously as q 
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varies from 0.4 to 0.6 between the energies observed at these 
points for the acoustic branch. Furthermore by measurements 
along the [GO direction we showed that the dispersion of 
this excitation is also continuous along a direction 
perpendicular to [gOO] (Fig. 3.4). We therefore conclude 
that the lower mode must be associated with the A. [gOO] 
acoustic branch and the upper mode with the optical branch. 
In contrast to the situation above T^, these two modes can be 
resolved at temperatures below because of the dramatic 
decrease in the width of the acoustic mode. This change is 
due to the opening of the superconducting gap below T,.. The 
acoustic mode cannot decay by breaking Cooper pairs, since 
its energy is lower than the superconducting gap 2A, and 
therefore its lifetime is increased (line width narrowing) 
compared to that at temperatures above T^. Similar behavior 
was observed'^®' many years ago in superconducting Nb and 
NbjSn. The dispersion curves of the acoustic and optical 
modes below T^. (T=4.0K) is shown in the right hand side of 
Fig. 3.1. Notice the abrupt decrease in the energy of these 
modes in the vicinity of <^=0.4 which makes it difficult to 
precisely determine the dispersion curves in this region. 
In summary, in LuNijBjC we observe a unique case of 
phonon softening of two branches (one acoustic and one optic) 
which belong to the same (A^) representation and therefore 
cannot cross in energy. Because of the strong electron-
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phonon interaction these branches exhibit pronounced Kohn 
anomalies for wavevectors close to the Fermi surface nesting 
wavevector = (0.5,0,0). The energies of the modes with 
wavevectors close to •rin decrease with decreasing temperature 
and intensity is transferred from the higher to the lower in 
energy mode, a behavior typical of coupled modes. Already at 
temperatures above these modes are so strongly coupled that 
the two peaks cannot anymore be resolved. At temperatures 
below the peaks corresponding to these two modes can again 
be resolved because of the dramatic decrease in the width of 
the lower peak due to the opening of the superconducting gap. 
This interpretation is to be contrasted to the "localized -
q" pictureof Kawano et al'^®' based on the assumption that a 
new excitation appears below T^. Finally, we should point out 
that it appears that the opening of the superconducting gap 
does not affect appreciably the Fermi surface nesting in this 
compound as one would have expected.'^"' Actually, it is 
difficult to say at this stage whether there is a change in 
the frequencies or line widths of the peaks as the 
teirperature is decreased below T^. A preliminarY analysis of 
the data based on the formulae'^" used to analyze the 
corresponding case in ferroelectrics indicates that there is 
an additional softening of the branches as the temperature is 
decreased below T^. Further analysis of the data and new 
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experiments are presently underway to study this and other 
features of these modes in the vicinity of T^. 
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Cm^TER 4. LOW-ENERGY PHONON EXCITATIONS IN 
SUPERCONDUCTING RENijBjC (RE=Lu,Y) 
A paper sxohmitted to Physical Review B 
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Abs'tract 
Inelastic neutron scattering techniques have been used 
to study the low energy phonon excitations in superconducting 
RENi2B2C {RE=Lu, Y) to further characterize the anomalous 
features observed by Kawano et al. {Phys. Rev. Lett., 77, 
4628 (1996)) for RE=Y and Stassis et al. {Phys. Rev. B, 55, 
R8678 (1997)) for RE=Lu, when these systems enter the 
superconducting ground state. We find that above Tc the 
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frequencies of the A4[(^00] lowest-lying acoustic and optic 
—f 
phonon modes decrease with decreasing temperature, for g 
close to the nesting vector . In addition there is a shift 
of intensity from the upper to the lower mode, an effect 
characteristic of mode coupling. The observed intensity 
transfer between these modes above Tc can be described 
satisfactorily in both compounds by a coupled-mode model. 
Below Tc the observed spectrum changes dramatically: it 
consists of a sharp peak at approximately 4 meV with a broad 
weak shoulder at higher energies. The experimental results 
unambiguously show that this dramatic change is due to the 
onset of superconductivity in these compounds. In this 
temperature region, the results are in qualitative agreement 
with recent theoretical calculations. 
Introduction 
The physical properties of the rare-earth nickel boride 
carbides (RENi2B2C; RE = rare earth) are of considerable 
interest.'^"*' Their crystal structxire'^' is body-centered 
O 
tetragonal (space group I4/mmm) , wxth a = 3.5A and c=3a, and 
consists of RE-C layers separated by Ni2B2 sheets. Many of 
these corr^jounds are superconductors with relatively high 
superconducting temperatures. Among these superconductors, 
the non-magnetic Lu and Y compounds exhibit'""^' the highest 
51 
superconducting temperatures, 16.5K and 15.5K, respectively. 
Of particular interest is that in several of these coinpounds 
(RE=Titi, Ho, Er, and Dy) superconductivity coexists with 
magnetic order. 
To obtain some insight into the subtle interplay between 
superconductivity and magnetism, the magnetic structures of 
these compounds have been studied extensively by neutron and 
x-ray scattering techniques on both single crystal and powder 
specimens.'^"'' Of particular relevance to the present study 
is that the superconducting and Ho'"'"^' compoxmds as 
well as the non-superconducting Tb'"' and Gd'"' compounds all 
order in an incommensurate magnetic structure characterized 
by a propagation vector ^ =(g ,0,0), with ^=0.55 for all of 
tn \ trt } 
these compounds. This observation is particularly important, 
since band theoretical calculations'^®' of the generalized 
electronic susceptibility of LuNi2B2C show that there is 
strong Fermi surface nesting in this compound with a nesting 
—> 
vector close to . These results indicate that there is a 
^ m 
common Fermi surface nesting in these coitpounds, 
—> 
characterized by a nesting vector , which is responsible 
for the ordering of the rare-earth moments via the RKKY 
mechanism. The existence of such a nesting suggests that 
strong Kohn anomalies should be observed in the dispersion 
—> 
curves of these compounds for wave vectors close to ^ ffi • I", 
addition, electronic band struct\ire calculationssuggest 
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t±iat these materials are conventional superconductors with 
relatively high electronic density of states at the Fermi 
level, Ep, and that there is a complex set of bands crossing 
Ep which are strongly coupled to the phonons and may be 
responsible for the superconducting properties of these 
compounds. Therefore, it appears that this family of 
compounds is ideal for the study of the subtle competition 
between lattice instabilities, superconductivity, and 
magnetic ordering. 
Dervenagas et al.'^*' measured the low-lying phonon 
dispersion curves of the Lu compound (Tc =16.5K) along the 
[^00] and [00^] symmetiry directions and they found that the 
—^ 
frequencies of the lowest lying modes near decrease with 
decreasing temperature and, as a result, the co3rresponding 
branches exhibit strong dips in the vicinity of this point at 
low temperatxires. A similar study in the isomorphous Y 
corrpound was performed by Kawano et al.'^^' The softening of 
these modes is so significant that it was observed in phonon-
density of states measurements by Gompf et al.'^'' as well as 
in the point-contact spectra of these compounds by Yanson et 
al.'^^' In addition Kawano et al.'^^' performed a detailed study 
of the low-lying excitations in the Y coitpound as a function 
of teirperature and magnetic field. They observed a dramatic 
change in the spectrum associated with the onset of 
superconductivity which includes a sharp feature at 
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approximately 4 meV which they attributed to a "new" 
excitation. This interesting observation led us to perform a 
systematic study of these excitations as a function of 
temperature on the Lu and Y compounds. We already presented 
a brief account. of the results obtained in the experiments 
on the Lu compound. In this paper we present a more detailed 
account of these experiments as well as a comparison of the 
Lu and Y con5)oxind. 
Experimental Details 
The single crystals of LuNi2B2C and YNi2B2C used in the 
present experiment were grown at the Ames laboratory by the 
high-temperature flux technique as described elsewhere.'^®' 
The as grown crystals are platelets with the c-axis 
perpendicular to their flat surface. Since the size of the 
3 
cirystals is relatively small (approximately 5 X 5 X 0.5mm ) 
for inelastic neutron scattering, most of the measuxements on 
LiiNi2B2C were performed on a composite crystal, consisting of 
two crystals (mounted on a single holder) oriented to within 
0.8 degrees. Since the effect of the misorientation of the 
two LuNi2B2C crystals is most pronounced for ^ between 0.375 
and 0.425, where the abrupt decrease in the phonon 
frequencies occurs (see Fig. 1, Ref. 21), measurements in 
this region were performed with only one of the two LuNi2B2C 
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cirystals. All measurements on YNi2B2C were performed on a 
single crystal of this compound. 
The measurements between 300 and 3 . 5K were performed 
with the crystal placed in an He-gas filled aluminum can in a 
low temperature refrigerator capable of regulating the 
temperature in this region to within O.IK. The measurements 
on the YNi2B2C conpound were extended up to 485K and for 
these measurements the crystal was mounted in a high 
teirperatiire fiimace. For all measurements on these compounds 
the crystal was mounted with the [010] crystallographic 
direction perpendicular to the scattering plane. 
The neutron scattering experiments were performed using 
the variable incident neutron energy triple-axis 
spectrometers H-7 and H-8 at Brookhaven National Laboratory's 
High Flux Beam Reactor and the constant incident neutron 
energy {14.7 meV) HBIA triple-axis spectrometer at the Oak 
Ridge National Laboratory's High Flux Isotope Reactor. 
Pyrolitic graphite (PG), reflecting from the (002) planes, 
was used as monochromator and analyzer and a PG filter was 
used to eliminate higher order contamination. On the H-7 and 
H-8 spectrometers most of the data were collected using a 
fixed final neutron energy of 14.7 meV. The HBIA constant 
incident energy spectrometer was mainly used to study the 
temperature dependence (between 15OK and 485K) of the low-
—> 
lying modes, in the vicinity of of the YNi2B2C compound. 
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Most of the data were collected with a collimation of 40-40-
40-80 minutes of arc in the standard positions on the 
spectrometers. 
Experimental Results and Discussion 
The phonon modes with frequencies below approximately 40 
meV were studied systematically on the LuNi2B2C compound at 
room temperature.'^^' Less extensive measurements were also 
made on the Y compound. The measured phonon frequencies were 
assigned to the various branches by comparing the measxired 
intensities with calculations based on Bom-von Karm^ force-
constant models. In the present investigation we studied in 
detail the temperature dependence of the [<^00] acoustic and 
lowest lying optic branches of LuNi2B2C and YNi2B2C in the 
—> 
vicinity of the nesting vector , which is close to the 
zone boundary point Gi ar-^(i+-^) 
V c~ ) 
1 
along this direction. By 
symmetry, the [^00] acoustic branch belongs to A4 
representation. Based on the analysis of the data using 
Bom-von Karman models, the lowest lying optical branch 
along this direction was also assigned to the A4 
representation. No other branches of the same symmetry are 
close to these two branches. These calculations show that 
66 
for small wave vectors these branches are purely transverse 
with atomic displacements parallel to the c-axis; the 
displacements for all atoms in the acoustic modes are, of 
course, in phase, whereas in the optic modes the motion of 
the Lu atoms is out of phase with that of the other atoms. 
For larger wave-vectors the displacements of the Lu and C 
atoms remain transverse but the Ni and 3 atoms develop a 
longitudinal component. 
The temperature dependence of the two lowest lying A4 
modes were studied by measurements in the Brillouin zones 
centered at (0,0,8) and (1,0,7). Figure 4.1 shows the 
dispersion of the A4 optic (0) and acoustic (A) modes in the 
Lu and Y compounds at room temperature. The mass of Lu being 
nearly twice as large as that of Y, the energies of the modes 
are lower in LuNi2B2C than in YNi2B2C. For both modes 
of the Lu compound are observed by measurements in the (008) 
Brillouin zone, whereas in the Y compound the optical mode is 
more easily observed by measurements in the (107) Brillouin 
zone. For the intensity of the acoustic and optical 
mode in the Lu and Y compounds, respectively, are very weak, 
and this is indicated by dotted lines in Fig. 4.1. In the 
vicinity of = measurements in the (008) zone on the Y 
compoimd show, in addition to the acoustic mode, a peak at 
approximately 14 meV which was also observed by Kawano et 
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and could be assigned to the optical branch (see 
discussion below). 
Figure 4.2 shows the spectra of the interacting optic 
and acoustic mode in the vicinity of ^  at temperatures much 
higher than T^. In the Y coirpound it is necessary to perform 
measurements at temperatures higher than room temperature in 
order to see clearly the mode interaction. At these high 
teirperatures the optic mode (higher frequency mode) in both 
compounds is more intense than the acoustic mode. As T 
decreases the energy of the modes decrease and there is a 
transfer of intensity from the optic to the acoustic mode. 
For T< 15 OK the two modes cannot be resolved and a broad 
feature is observed in the Lu compound. In the Y compound, a 
small peak at approximately 14 meV can be seen at 
temperatures below 150K (see lowest panel of Fig. 4.2b). As 
we mentioned earlier, this small peak was observed also by 
measurements in the (008) zone in the present experiments as 
well as those by Kawano et al. The intensity of this peak 
at 15OK is, however, approximately 60% lower than that 
expected from the intensity at 295K (see Fig. 4.2b) . We 
believe that this peak is either the remnant of the optical 
mode or belongs to the Ai representation, a possibility 
indicated by Bom-von Karm^ calculations. 
The observed mode behavior above T^. both compounds is 
quite similar to that observed in materials with soft optic 
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modes interacting with acoustic modes of the same symmetry. 
In the latter case their anticrossing behavior was formulated 
a s  a  p r o b l e m  o f  m o d e  c o u p l i n g  v i a  a n h a r m o n i c  f o r c e s . T h e  
scattered neutron intensity in the coupled-mode problem is 
given by formula A.l of the Appendix, and the effect of mode 
coupling for two different coupling constants is shown in 
Fig. 4.A.l. The first three top panels of Fig. 4.3 compare 
the spectra calculated using this simple model (see Appendix) 
with the obser-ved spectra of LuNi2B2C at temperatures well 
above T^. In these calculations (see formula A1 of the 
Appendix) the inelastic staructure factors (Fj^ j) of the two 
modes and the coupling constant (A.) are kept constant and 
only the linewidths (n,r2) and frequencies (QpQ,) 
adjusted to fit the experimental data. The left panels 
compare the measured and calculated spectra at (0.45, 0, 8) 
and the right panels those at (0.45, 0, 8.4) obtained for 
^=0.4 along a direction ([00 ^]) which is perpendicular to 
[^00] . For T>Tj the model provides an adequate fit to the 
data in both cases. In particular it reproduces the merging 
of the two peaks at T=60K for the (0.45, 0, 8) mode as well 
as the two distinct peaks observed at (0.45, 0, 8.4) at all 
temperatures above T^. It is probably of some interest to 
notice that the drastic change in the spectra occurring at 
temperature below T^, (see below) can be simulated in this 
simple model by a change in the width (F^j) the two 
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interacting modes, (this change being the largest for ^=0) as 
shown in the lowest panels of Fig. 4.3. We would like to 
emphasize that the calculated curves in the lowest panels of 
Fig. 4.3 are not fits to the data, since below T^. no 
meaningful fits can be obtained (because of the large number 
of parameters involved) ; they were obtained by making 
appropriate choices for the widths, (T, .) , so that these 
curves resemble the experimental profiles. It should also be 
pointed out that even above the actual situation is much 
more complicated than the coupled-mode model, since the 
observed phonon anomalies in the Lu and Y compounds are due 
to the strong electron-phonon interaction via the nesting of 
the Fermi surface. As a result, the softening of these modes 
in the present case is mainly due to the sharpening of the 
Fermi surface nesting feature as the temperature decreases. 
In addition, anharmonic effects may play some role as the 
compounds approach (but never achieve) a phase transformation 
at low temperatures. 
As the temperature decreases below Tc, a spectacular 
change in the spectra is observed as was first reported by 
Kawano et al.for YNi2B2C and Stassis et al. for 
LuNi2B2C. Figure 4. 4 shows our measurements on both 
compounds measured in the vicinity of Tc and well below Tc-
In the vicinity of T^, the optical and acoustic modes 
cannot be resolved and only a relatively broad feature is 
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observed (See Fig. 4.4). Well below Tc the spectra are 
remarkably different. They consist of a sharp peak at 
approximately 4.5 meV with a weak shoulder at the higher 
energy side. Figure 4.5 illustrates the behavior of this 
sharp peak in LuNi2B2C as a function of temperature (Fig. 
4.5a) and ^ measiired along [^00] (Fig. 4.5b) , The width and 
position of this sharp peak remain practically unchanged 
below Tc, its intensity decreases with increasing 
temperature, and it is practically indistinguishable from the 
backgroiind at a temperature close to Tq (Fig. 4.5a) . 
Although the full width at half maximum (FWHM) of this peak 
remains practically unchanged for ^ between 0.4 and 0.55, 
its intensity is maximum in the vicinity of ^=0.475 (Fig. 
4.5b) . The energy of this sharp lower mode is minimxim at 
approximately this wave vector ( ^=0.475), and varies 
continuously with ^ between 0.4 and 0.5 between the energies 
observed at ^=0.4 and ^=0.6 for the A4 acoustic branch. 
Figure 4.6 compares the dispersion along the [00^] direction 
of the sharp peak and weak shoulder observed at low 
tenperatures (right panel) with that of the modes at room 
temperature (left panel). The energies of the modes observed 
at 4K (right panel) vary continuously with and as ^ 
increases the shoulder at the high energy side becomes more 
well defined and, as a result, the two modes are clearly 
visible (Fig. 4.3). In particular, the study of the ^ 
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dependence of the phonon modes clearly demonstrates that the 
single unresolved peak obtained, after the merging of the 
optical and acoustic modes, consists indeed of two phonon 
modes down to temperatures close to (see third panel from 
top of Fig. 4.3) . From this continuity of the modes we 
conclude that the sharp peak must be associated with the 
acoustic mode and the barely visible shoulder with the 
optical mode. Notice (Fig. 4.6) that between 300K and 4K the 
energies of both modes decrease by almost a factor of two. 
The interpretation presented here is different from that 
proposed by Kawano et al.'^^* who associated the sharp peak 
observed at low tenperatures with a "new" phonon-like 
excitation which appears below T_. 
The experimental results clearly show that the origin of 
the dramatic change in the phonon spectra is the onset of 
superconductivity in these compounds. One of the direct 
effects of the superconducting gap opening is well understood 
and has been observed'^®'^°' many years ago in superconducting 
Mb and NbsSn. A phonon mode with energy lower than the 
superconducting gap 2A cannot decay by breaking Cooper pairs 
and therefore its lifetime is increased (line width 
narrowing) compared to its lifetime above Tc. In addition, 
because of the singularity at cce2A in the polarizability of 
superconducting electrons, there is a shift in the phonon 
frequencies as well as a change in the phonon spectra as the 
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temperatxire is decreased below Both the energy shifts 
and the phonon shapes depend on the position of the normal 
phonon frequency, co^, with respect to the superconducting gap 
2A. It is interesting to note that for normal phonon 
frequencies close to 2A(T) phonon shapes similar to the ones 
observed in the present experiment have been predicted. 
Actually, recent calculations by Allen et al.'^*' yield phonon 
spectra almost identical to the low temperature spectra shown 
in Fig. 4.4. 
The above theoretical approaches'^"""'are independent of 
the phonon wave vector whereas in the present experiments the 
anomalous phonon behavior is observed for phonon wave vectors 
close to the nesting vector . Recently, however, Kee and 
Varma'^'" found that the electronic polarizability for an 
extremum vector of the Fermi surface exhibits a pole for 
frequencies close to 2A. For a phonon with normal state 
frequency above 2A this leads to a delta f\mction at CO 
slightly below 2A and a peak centered arovind the normal state 
phonon frequency. Their spectra (see Fig. 2 of Ref. 34) when 
convoluted with the instr-umental resolution are similar to 
those observed below T^. in the present experiments. The 
frequency of the observed sharp peak, on the other hand, does 
not follow the BCS tenperature dependence of the 
superconducting gap as the Kee-Varma theorypredicts. Also 
it should be pointed out that the theory assumes that the 
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opening of the superconducting gap does not affect 
appreciably the Fermi surface nesting in these compoxands as 
one would have expected.'"' 
In summary, in both compounds we observe a case of 
phonon softening of two branches, one acoustic and one optic, 
which belong to the same representation and therefore cannot 
cross by symmetry. Above Tc the observed anticrossing 
behavior of these branches is similar to a coupled-mode 
problem, and such a model gives a satisfactory explanation of 
the observed phonon profiles. Below Tc, the dramatic change 
in the observed spectra can be qualitatively understood in 
terms of the well known line width-narrowing and frequency 
shift associated with the opening of the superconducting 
gap'^^"^"'. More experimental and theoretical work is 
necessary, however, to relate the observed temperature 
dependence of the lowest lying mode to the superconducting 
properties of these compounds. 
Appendix 
The temperature dependent behavior of the phonon modes 
of two branches which cannot cross by symmetry can be modeled 
as a mode-coupling problem by attributing the observed 
temperature dependence to anharmonic forces. The most 
convenient, for our purpose, foirmulation of the problem of 
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two phonon modes interacting via anharmonic forces is that 
given by Harada et which was used to explain the 
asyrnmetric phonon profiles observed in ferroelectric BaTiO,. 
The intensity distribution for two interacting modes, with 
frequencies Q,, widths r2, is given, for neutron 
energy loss, by 
I~(n((0)H-l) • , J\{Q}-Q)AB-rA\F^+2XBFF (Al) 2 > - J ^ 1 2 1 I 1 J 2j 
where 
A= (Qi2_Q)2) ( Q2^-(I)^) - Ct)2rir2 
B = + r2 ) . 
In formula Al, 
n(a)) = {exp (co/kT) - 1}"-, 
Fi,2 the structure factors of mode 1 and 2, and k is the 
coupling strength between the two modes. 
Figure 4.A1 (a) shows the calculated spectra, at 300K, 
of two coupled modes for the case A.=0 (no coupling) and ^=10. 
The two modes were taken to be well separated in energy and 
with line widths much smaller than their energies. The 
inelastic structure factors were appropriately chosen in 
order to make the intensities of the two modes almost equal 
in the absence of coupling (X,=0) . As the coupling is turned 
on (X=10), there is considerable transfer of intensity from 
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the upper to the lower mode. Since such transfer of 
intensity between modes is observed for T>Tc in both the Y 
and Lu compounds (Fig. 4.2), it is clear that this simple 
coupled-mode model can be used to simulate the behavior of 
the A4 modes above Tc. Figrire 4.3 shows that this is indeed 
the case. 
Figure 4.Al(b) shows that, by choosing the energies and 
widths so that there is considerable overlapping of the two 
modes, one can obtain spectra qualitatively similar to those 
observed in both the Y and Lu cornpoxands at temperatures below 
Tc (Fig. 4.4). The onset of superconductivity can therefore 
be simulated in this model by a change in the widths of the 
two interacting modes. Notice, however, that this change in 
the widths may be quite large (see Fig. 4.3). 
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Fig. 4.1: Phonon dispersion of the two low lying acoustic (A) and optic (0) 
branches measured, at 300K, along the [^00] direction for LuNijB^C (left) and 
YNijB^C (right). The lines are used as a guide to the eye. 
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Fig. 4.2: Temperatvire dependence of the phonon spectra in the 
vicinity of in (a) the Lu and (b) Y compounds. 
The lines are used as a guide to the eye. 
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Q=(0.45,0,8.4). The calculations are based on the 
coupled-mode model described in the appendix. 
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CHAPTER 5. INELASTIC NEUTRON STUDIES OF THE LOW 
ENERGY PHONON EXCITATIONS IN THE RENi^BsC 
SUPERCONDUCTORS (RE=Lu,Y,Ho,Er) 
A paper presented at ICNS 
M. Bullock, C. Stassis, J. Zarestky, A. Goldman, P. Canfield 
Ames Laboratory and Department of Physics, Iowa State 
University, Ames, lA 50011 
G. Shirane and S. Shapiro 
Brookhaven National Laboratory, Upton, NY 11973 
Abstract 
We studied the low-energy phonon excitations for 
wavevectors close to the Fermi surface nesting vector = 
0.55a. We find that above T^. the frequencies of the A^L^OO] 
lowest-lying optical and acoustic phonon modes decrease with 
decreasing tenperature, for \ close to and there is a 
shift of intensity from the upper to the lower mode, an 
effect characteristic of coupled modes. From approximately 
12OK down to tenperatures in the vicinity of T^, only a single 
unresolved peak is observed. Below the phonon spectra of 
the Y and Lu compounds change dramatically: they consist of 
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a sharp peak at approximately 4.5 meV with a weak shoulder at 
the higher energy side. No such sharp peak was observed 
below Tj. in the Ho and Er compounds. 
Xnt: reduction 
Many of the body-centered tetragonal RENi2B2C compounds 
are superconductors with relatively high superconducting 
transition temperatures (T^=16.5, 15.5, 10.5, and 8.5 for the 
Lu, Y, Er, and Ho compounds) and in some cases (RE = Tm, Ho, 
Er, and Dy) superconductivity co-exists with magnetic order.'*' 
Of particular interest, for the present study, is that the 
frequencies of the lowest lying phonon modes near the nesting 
vector decrease with decreasing temperature,'^'^' and a 
dramatic change in the phonon spectra of both and Lu'"" 
compounds was observed below T^. In this report we present a 
brief summary of the results obtained in a systematic study 
of the low-lying phonon excitations of the Lu, Y, Ho, and Er 
compounds. 
The branches of interest are the acoustic and lowest 
lying optical branch in the [^00] direction, both belonging 
to the A4 representation. The dispersion of these branches 
at room temperature, for the Y compound, is shown in Fig. 
5-1. The phonon energies for the Lu, Ho, and Er are, of 
course, lower than in the Y compound. At room temperature 
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two peaks are observed for ^ up to approximately 0.45, but 
these peaks are not easily resolved for ^ in the vicinity of 
0.5 (See Fig. 5.2). 
As the temperature decreases, the energies of the modes 
in the vicinity of decrease and there is transfer of 
intensity from the optic to the acoustic mode. For 
temperatiires lower than approximately 12OK, the two modes 
cannot be resolved and only a broad feature is observed. 
This is illustrated for the Lu compound in Fig. 5.2. In the 
Y compound, it was necessary to perform measurements at 
temperatures higher than room temperature in order to see 
clearly this mode interaction. As in the case of 
ferroelectric materials, the temperature dependence of the 
anticrossing behavior of the modes observed in the present 
experiments can be fonrmulated as a problem of mode coupling 
via anharmonic forces'^'. 
At temperatures below approximately 12OK, and down to 
the vicinity of T,,, the optical and acoustic modes close to 
cannot be resolved and only a relatively broad feature is 
observed (see third panel of Fig. 5.2 and insert in the first 
panel of Fig. 5.3). Below the phonon spectra for the Lu 
and Y change dramatically. They consist of a sharp peak at 
approximately 4.5 meV with a weak shoulder at the higher 
energy side. The width and position of this sharp peak 
remain practically unchanged below T^., its intensity decreases 
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with increasing temperature, and it is practically 
indistinguishable from the background at temperatures close 
to Tj. (see insert in the second panel of Fig. 5.3) . From a 
study of the energies of the sharp peak and the broad 
shoulder as a function of ^ and ^ (along the [00^] 
direction) , we concluded that the sharp peak must be 
associated with the acoustic mode and the barely visible 
shoulder with the optical mode. No such sharp peak was 
observed in the Ho (see panel 3 of Fig. 5.3) and Er compounds 
at low temperatures. It should be pointed out, however, that 
the detailed study of the low lying phonon excitations in 
these magnetic superconductors is hindered by the presence of 
peaks corresponding to crystal electric field (CEF) levels 
(at approximately 10 meV in Ho and 5 meV in Er) . 
The experimental results show that the dramatic change 
in the phonon spectra of the Lu and Y compounds below must 
be related to the abrupt change in the polarzability of the 
superconducting electrons at a) = 2A. Actually, recent 
calculations'®''" yield phonon spectra almost identical to 
those observed in the present experiments. It should be 
pointed out, however, that in both approaches the 
theoretically predicted BCS temperature dependence of the 
sharp peak does not agree very well with the present 
experimental results. 
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CHAPTER 6. CONCLUSION 
In sximmary, the results obtained can be, at least, 
qualitatively understood both above as well as below T^. For 
T>T^, the softening of the two lowest branches can be 
understood in terms of two interacting modes. This is 
illustrated in Fig 5.1 where the results are compared with 
the model presented in the appendix of chapter 4^®. 
For T<T^, the experimental results clearly show that the 
origin of the dramatic change in the phonon spectra is the 
onset of superconductivity in these coitpounds. One of the 
direct effects of the superconducting gap opening is well 
understood and has been observed many years ago in 
superconducting Nb and NbjSn^®'®". A phonon with energy lower 
than the superconducting gap 2A cannot decay by breaking 
Cooper pairs and therefore its lifetime is increased (line 
width narrowing) compared to its lifetime above T^.. In 
addition, because of the singularity at 0>=2A in the 
polarizability of the superconducting electrons, there is a 
shift in the phonon frequencies as well as a change in the 
phonon spectra as the temperatxire is decreased below T^.. 
Recent calculations of this change in phonon spectra by Allen 
et al.,®' based on work by Schuster^^ and Zeyher et al.,"'^ yield 
phonon spectra almost identical to those observed in this 
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Fig. 6.1: Measured and calculated phonon profiles for several temperatures for (a) 
Q=(0.45,0,8) and (b) Q=(0.45,0,8.4). The calculations are based on the 
coupled-mode model described in the appendix of chapter 4. 
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dissertation. These calculations can be seen in Fig. 6.2. 
By looking at the right hand side, the observed spectra with 
instrumental resolution taken into account, we see that the 
spectra are very similar to the experimental phonon spectra 
observed at low T. 
The above calculations are independent of q. Whereas in 
our case, the sharp feature is seen near a region that is 
known to have Fermi surface nesting. This suggests that 
these effects may be observable only when there is nesting. 
Kee and Varma^° found that the electronic polarizability for 
an extremum vector of the Fermi surface exhibits a pole for 
frequencies close to 2A. For a phonon with normal state 
frequency above 2A this leads to a delta function in the 
polarizability at co slightly below 2A and a peak centered 
around the normal state phonon frequency. The spectra, (See 
Fig 6.3) when convoluted with the instrumental resolution, is 
similar to those observed below T^, in the present experiments. 
The frequency of the obseirved sharp peak, on the other hand, 
does not follow the BCS temperat\xre dependence of the 
superconducting gap as the Kee-Varma theory predicts. 
The difference between the Kee-Varma and Allen et al. 
theory is due to the approximation involved in the evaluation 
of the electronic polarizability. Numerical calculation of 
the polarizability may be necessary to elucidate the 
difference. 
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Fig. 6.2: Calculated line shapes at C0Q=(a) 0.8, (b) 1.2, (c) 1.6 (units of 2A) at T/T^=t=0.2. 
Panels (d)-(f) are convoluted with an instrumental broadening r=0.13 (units of 
2A). (After reference Allen®'.) 
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Fig. 6.3: Phonon spectral function S(Qo,(o) calculated for various GJq where C5q =C0q/2A, 
and r=2A=0.4N(0). (After reference Kee-Varma^°). 
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Hopefully, other systems can be found that exhibit this 
sharp feature in the superconducting state so that this can 
be studied in greater detail. Since the characteristics of 
this sharp peak are determined by the superconducting 
properties of these systems, this work and future studies of 
these phonons may lead to the development of such 
measurements as a powerful technique for the study of the 
superconducting properties in these and other compounds. 
APPENDIX A; DERIVATION OF 
This appendix will follow the presentation of the electron-
electron interaction given by Ziman.'^ 
Electrons interact with other electrons via the Coulomb 
force. Usually we assiame in materials that these 
interactions can be taken care of by assumptions that adjust 
the atomic potentials for the charge distribution of the 
valence electrons. Another option is to treat the gas of 
electons interacting via their Coulomb potential as a many-
body problem. The basic effects of this interaction are now 
well understood. 
To derive these results, we take a free-electron gas, 
subject to a time-dependent perturbation. Suppose that the 
potential seen by the elctron at r, at time t, is given by 
This perturbation is an oscillation, of frequency 0, wave-
vector q, that grows with a time-constant a. Perturbation 
acting on a state 
causes mixing of other states. This causes the wave-function 
to become 
iir^{r,t) = \k) + b^^^it)\k + q). 
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where the coefficients may be calculated, in first order, by 
perturbation theory; 
i, (,) (k+gNk) 
E(k)-E(k + q) + ^ ©-i^a 
b  { t )  =  .  
E(k) - E(k + q) + ^ 0) -
Now we will consider the change in charge density due to 
this change in the electron wave-fxonctions. The electrons 
will see a uniform positively charged medium which will give 
the following change in charge denisty 
mr,t) = el'+b' (Or"'" + D'^' 1 -1]. 
k + q k + q 
or, 
Sp(r,t)  -  + , 
if we drop the term in jfef. This summation is over all 
occupied electron states. 
We see that there appears to be two types of wave 
traveling in opposite directions. Since the perturbation 
needs to be real, we can then add the complex conjugate to 
our origional perturbation, which tells us that the variation 
in charge density follows the total perturbation 
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Sp = e^< U _iq r-ia<-<a , _ _ e e e +c.c 
k [E(k)-E(k + q) + fiG)-i^a E(k)-E(k + q)-^a) + ifta^ 
To further simplify this expression, let us introduce the 
Fermi-Dirac function, ^(k) as the probablility that |k) is 
occupied in the unperturbed metal. Next, we will rewrite k 
for k-q as labels in the second term, this leads to 
f(k)-/(k + q) 1 , 
»(r,t)=gUX \ ^ e'". 
^ [E(k)-E(k + q) + ^ fi)-i^aJ 
-lat„cd , „ „ 
e e +C.C 
where the sum is over all states |k). 
By Poisson's equation 
V-{6<()) = -47teSp 
we see that the charge distribution gives rise to a 
potential-energy field acting on the electrons. If we assume 
that has the same space and time variataion as 5p, we can 
then write 
5<p(r,t) = + c.c . 
Combining the last 3 equations, we end up with 
r f(k)-/(k + q) 1 
1,  
k [E(k)-E(k + q) + ftQj-i^aJ 
and by simplifing a little, we end up with 
q' k 1 E(k)-E(k + q) + ft(»-i^zaJ 
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This potential energy is associated with the charge 
redistribution created by the original potential 5U. 
However, this new potential should have been counted as a 
perturbation of the electron distribution. To be consistant, 
we will assume that the perturbation SU already contains the 
term given by 
5Uir,t) = 5V(_r,t) + S<l>(r,t). 
where 5V(r,f) is the external potential we applied at the start 
of the derivation. Combining all the expressions, we end up 
with 
f (k)-/(k + q) "1 
u = v+\^^j, 2—V— \^ 
[ q k E(k)-E(k + q) + ^ G)-i^aj 
or 
£/ = . 
£(q,6)) 
where 
, , , \4nE-^ f(k)-/(k + q) 
e(q,fi)) = l+'^—5-1 2 0 
[ ^ k E(k + q) - E(k) -
The effective potential U acting on the electrons is the 
applied potential V divided by the dielectric constant e(q,fi}). 
If we wish to examine screening effects for short distances, 
we need to look at large values of q and evaluate the 
summation. This will depend on the detailed structure of the 
energy surfaces E(k). For a free-electron model at absolute 
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zero it is not very difficult to evaluate the sum by a 
straightforward integration over k-space. This leads to the 
following expression 
s(q,0) = l+ .^mr n 
3 / 
1 
Iri 
2k +q 
f ^ 
2k -q 
where k. is the radius of the Fermi sphere. This result is 
interesting because at 2kj the In term is singular. This is 
the origin of the Kohn effect talked about in chapter 1. A 
phonon of wave-vector q sets up a potential with components 
like that for the dielectric function due to the motion of 
the ions. The electrons move to screen this field. This 
means that the ions now interact with one another via this 
screened field, which is inversely proportional to e(q). This 
means that the lattice frequencies will be modified depending 
on e(q). In other words, any singularity in £(q) will be 
reflected in the phonon frequency. 
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APPENDIX B. LATTICE DYNAMICS OF RENisB^C 
(RE=Lu, Y) 
A paper to be published. 
M. Bullock, B. Harmon, C. Stassis, P. Canfield 
Ames Laboratory and Department of Physics and 
Astronomy 
Iowa State University, Ames, lA 50011 
Abstract 
Single crystals of RENi.B2C were used to study the 
lattice dynamics of the LiiNi^BjC and YNi^BjC compoiinds by 
standard inelastic neutron scattering techniques. The 
phonon dispersion curves of the lowest branches (<40 meV) 
were measured along the [^,0,0], [0,0,Q, and [^,^,0] 
directions at room tenperatxire. The data was then used in 
a Bom-von Karman force constant model to determine the 
entire dispersion curves, elastic constants, phonon density 
of states, and lattice specific heat. 
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Introduction 
The physical properties of the rare-earth nickel 
boride carbides (RENi2B2C; RE = rare earth) are of 
considerable interest.Their crystal structure^ is 
O 
body-centered tetragonal (space group I4/miiiiii) , with a = 3.5A 
and c = 3a, and consists of RE-C layers separated by Ni2B2 
sheets. Many of these compounds are superconductors with 
relatively high superconducting temperatures. Among these 
superconductors, the non-magnetic Lu and Y compoiinds 
exhibit the highest superconducting temperatures, 
16.5K and 15.5K, respectively. Of particular interest is 
that in several of these compounds (RE=Tm, Ho, Er, and Dy) 
superconductivity coexists with magnetic order.'*""' 
To obtain some insight into the subtle interplay 
between superconductivity and magnetism, the magnetic 
structures of these compounds have been studied extensively 
by neutron and x-ray scattering techniques on both single 
S, 9 
crystal and powder specimens. Of particular relevance to 
10 11 
the present study is that the superconducting Er and 
12 13 14 
Ho compounds as well as the non-superconducting Tb and 
15 
Gd compounds all order in an incommensurate magnetic 
struct\ire characterized by a propagation vector 
—> 
g ^  = (^;fi,0,0), with <^^=0.55 for all of these compounds. 
This observation is particularly important, since band 
108 
theoretical calculations of the generalized electronic 
susceptibility of LiiNi2B2C show that there is strong Fermi 
surface nesting in this compoxind with a nesting vector 
—> 
close to ^ ffi' These results indicate that there is a 
common Fermi surface nesting in these compounds, 
—^ 
characterised by a nesting vector § ^ , which is 
responsible for the ordering of the rare-earth moments via 
the RKKY mechanism. The existence of such a nesting 
suggests that strong Kohn anomalies should be observed in 
the dispersion curves of these compounds for v/avevectors 
—> 
close to addition, electronic band structure 
17 la 19, 20 
calculations suggest that these materials are 
conventional superconductors with relatively high 
electronic density of states at the Fermi level, Ep, and 
that there is a complex set of bands crossing Ep which are 
strongly coupled to the phonons and may be responsible for 
the superconducting properties of these compounds. 
Therefore, it appears that this family of compounds is 
ideal for the study of the subtle competition between 
lattice instabilities, superconductivity, and magnetic 
ordering. 
21 
Dervenagas et al. measured the low-lying phonon 
dispersion cxirves of the Lu compoxind (Tc =16.5K) along the 
[|00] and [00^] symmetry directions and they found that 
—  ^
the frequencies of the lowest lying modes near q ^  
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decrease with decreasing temperature and, as a result, the 
corresponding branches exhibit strong dips in the vicinity 
of this point at low temperatiires. A similar study in the 
22 
isomorphous Y coitpound was performed by Kawano et al. The 
softening of these modes is so significant that it was 
observed in phonon-density of states measixrements by Gompf 
23 
et al. as well as in the point-contact spectra of these 
compounds by Yanson et al. In addition Kawano et al. 
performed a detailed study of the low-lying excitations in 
the Y compound as a function of temperature and magnetic 
field. They observed a dramatic change in the spectrum 
associated with the onset of superconductivity which 
includes a sharp feature at approximately 4 meV which they 
attributed to a "new" excitation. This interesting 
observation led us to perfoirm a systematic study of these 
excitations as a function of temperature on the Lu and Y 
compounds. We already presented a brief account^® of the 
results obtained in the experiments on the Lu compound, a 
larger summary paper^® on both Y and Lu, and a conference 
paper"^ given at the ICNS 97. In this paper we present 
detailed room temperature Bom-von Karman model fits to the 
Lu and Y compounds. 
110 
Experimental Details 
The single crystals of LuNi2B2C and YNi2B2C used in the 
present experiment were grown at the Ames laboratory by the 
high-temperature fl\ix technique as described elsewhere.^® 
The grown crystals are platelets with the c-axis 
perpendicular to their flat surface. Since the size of the 
crystals is relatively small (approximately 5 x 5 x 0.5mm') 
for inelastic neutron scattering, most of the measurements 
on LuNi2B2C were performed on a coir^josite crystal, 
consisting of two crystals (mounted on a single holder) 
oriented to within 0.8 degrees. All measurements on 
YNi2B2C were performed on a single crystal of this 
compotond. 
The neutron scattering experiments were performed 
using the variable incident neutron energy triple-axis 
spectrometers H-7 and H-8 at Brookhaven National 
Laboratory's High Flux Beam Reactor and the constant 
incident neutron energy (13.7 meV) HBlA triple-axis 
spectrometer and variable incident neutron energy triple-
axis spectrometers HBl, HB2, and HB3 at the Oak Ridge 
National Laboratory's High Flux Isotope Reactor. Pyrolitic 
graphite (PG), reflecting from the (002) planes, was used 
as monochromator and analyzer and a PG filter was used to 
eliminate higher order contamination. On the variable 
Ill 
incident spectrometers most of the data were collected 
using a fixed final neutron energy of 14.7 meV. Most of 
the data were collected with a collimation of 40-40-40-80 
minutes of arc in the standard positions on the 
spectrometers. 
Experimental Results and Discussion 
The lowest lying branches of the LiiNi^BjC and YNi^BjC 
phonon dispersion cuirves have been measured at room 
temperature. Extensive studies have been made on the 
lowest 8 of 18 phonon branches extending up to around 40 
meV along the [4,0,0], [0,0,^], and [4,q,0] directions for 
LuNijBjC, while less work has been done on the Y compound. 
The measured phonon branches for LuNijBjC along these 
directions are given in Tables B.1, and B.2. Table B.1 
deals only with the [^,0,0] direction, while Table B.2 
contains both the [0,0,Q, and [^,^,0] directions. Less 
extensive work has also been perfoirmed on the Y compound. 
The experimental data for the Y compound are given in Table 
B.3 . 
Since the two compounds have similar structure, we 
would reason that the dispersion curves of the two 
compoxinds should be very similar. The major difference in 
the two systems is the difference in mass. Lu is almost 
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twice as heavy as Y, thus we would expect some modification 
to the lowest lying phonon branches to reflect this 
difference in mass. 
Three symmetry directions have been measured on the Lu 
compound, while only two directions have been measured on 
the Y compoTind. In the [^,0,0] direction the 18 branches 
belong to foxir irreducible representations 6-A^, 2-A,, 4-0,, 
6-A^- As mentioned in the previous papers, the A, branches 
are pxirely transverse with atomic displacements along the 
c-axis at small wave vectors. For larger wave vectors, the 
RE and C displacements remain transverse, while the Ni and 
B atoms develop a longitudinal conponent. The A, 
representation is similar to the A. representation, except 
that the RE and C displacements are longitudinal, and the 
Ni and B atoms develop both longitudinal and transverse 
components. The last two representations are transverse in 
natiire with polarization perpendicular to c*. The 
representation has only the Ni and B atoms moving, while 
the A3 representations have all 6 atoms moving in the b* 
direction. Along the [0,0,^], there are three 
representations, S-A^, l-A,, and 6-A3 (degenerate) . The 
degenerate A3 representation is a transverse mode in this 
direction. Likewise, the \ representation is the 
longitudinal modes. The Aj branch is longitudinal in 
nature, but only the two Ni atoms are allowed to move. 
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Lastly, along the [q,^,0], the irreducible representations 
are as follows; 5-Zj^, 2-1^, 6-1^, and 5-Z^. Z, is the 
longitudinal representation along this direction. The 
representations are transverse in nature with polarization 
perpendicular to c*, while the branches are transverse 
with polarization parallel to c*. The remaining two 
modes are mixed in nature with the RE and C atoms at rest. 
In addition to the experimental data given in Tables 
B.l, B.2 oind B.3, the four raman active modes (103 meV A,^, 
58.3 meV E^, 35 meV E^, 24.5 meV were used to fit a 
Bom-von Karm^ model. The Bom-von Karm^ fit along with 
the experimental data to the lowest measured branches are 
plotted in Figure B. 1 for LuNi^BjC and Figure B. 2 for 
YNijBjC. Only the lowest lying branches are plotted along 
with the experimental data. To summarize the dispersion 
curves, the highest branch is around 150 meV, there is then 
a raman active mode at 105 meV, and the other 16 branches 
are scattered continuously below 65 meV. As mentioned in 
previous papers, the two lowest branches exhibit 
softening fox 0.35 < q < 0.6. Higher branches have not 
been studied for temperature dependence yet. It is also 
important to note that for the Y fit, the model predicts 
that the lowest \ branch is lower than in the Lu compound. 
This Aj^ branch is within a meV of the A^ branch in the 
region of softening. Since the A, branch also has 
114 
transverse conponents, it is possible to pick this mode up 
from the transverse scans which are used to pick up the 
softening branches. By looking at structure factor 
calculations, it appears that the structure factor from the 
(107) and (008) reciprocal lattice points are similar for 
both the and A^^ modes in the region of softening. Based 
on this, it is reasonable to assxime that the 15 meV mode 
that does not soften around ^  = 0.5 is this A. branch. 
From Figure B.l, and Figxire B.2, the model appears to 
fit the system well given the lack of information about 
many of the higher energy branches. The force constants 
obtained by fitting the model are given in Table B.4 for 
LuNijBjC and YNi2B2C. Table B.4 also shows the distance 
between atoms and the atoms that correspond to each force 
constant. 
The theoretical phonon density of states g(v) from the 
Bom-von Karman model are shown in Figiore B. 3 . This 
density of states is similar to the experimental density of 
states by Gompf et al." The experimental density of states 
only goes up to 90 meV, but Gompf et al. did see the 
highest two modes at around 105 and 150 meV. 
To evaluate the elastic constants^^'^^'^^ and lattice 
specific heat, the data was analyzed by a conventional 
Bom-von Karman model with force constants extending out 
one shell. From the model, we calculate a 0p'°'calc = 545 K 
115 
from a room temperature fit to the model, which is well 
above the measured 9j3'°'exp = 360K^^. Since we know that 
there is softening in the dispersion cui-ves, we expect that 
there should also be temperature dependence in the density 
of states, which Gorapf observed. This may explain the 
difference in Debye ten^eratures we see by using room 
temperature data to extract 0j,'°'calc. The elastic 
constants for this system are given in Table B.5. 
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r [q.0.0] z [0,0,g X 
Figxire B.l: Experimental dispersion curves of LuNi2B,C at room 
temperature. The solid lines were obtained by 
fitting the data to a nearest-neighbot force-
constant model. 
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Figure B.2: Experimental dispersion curves of YNijBjC at room 
temperature. The solid lines were obtained by 
fitting the data to a nearest-neighbor force-
constant model. 
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Figure B.3: Phonon density of states g(v) of LuNi^BjC at room 
temperature, evaluated using the force constants 
listed in Table B.4. 
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Table B.3: Measured phonon frequencies (meV) of YNi^BjC 
along the [^,0,0] and [0,0,^] directions. 
A, q A, #2 A, #2 
0.1 4.04 0 20.3 0 18 
0.15 5.5 0.1 20 0.4 23 
0.25 8.9 0.15 18.8 0.5 23 .5 
0.35 11.3 0.2 18.7 
0.4 12 0.25 18.1 A, #3 
0.45 12 0.3 17.4 0 24 
0.5 12 0.35 16.7 0.35 24 
0.55 12 0.4 15.5 0.4 26 
0.6 11.6 0.45 14.7 
0.7 12.5 C A3 
K 
Ax 0.2 2.6 
0.15 12 0.6 7 
0.2 15.4 0.95 9.5 
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Table B.4: The longitudinal (1) and transverse (t) short-
range force constants for (Dq + D.) used in the 
Bom-von Karm^ model fit for the lowest lying 
branches of LuNi,B,C and YNi,B,C. 
LuNijBjC 
r (1) (t) 
Pair Shel 
1 
A 10' dyn/cm 10' dyn/cm 
C-C 1st 3.46 23 .03 2 .67 
C-Lu 1st 2.45 53.20 -21.76 
C-B 1st 1.49 320.77 3 .06 
C-Ni 1st 3.17 9.60 4.77 
Lu-Lu 1st 3.46 35.90 3 .51 
Lu-B 1st 2.87 18.86 6.68 
Lu-Ni 1st 3.17 16.22 -7.15 
B-B 1st 3.46 4-96 -10.93 
B-B 1st 2.98 0.67 -10.14 
B-Ni 1st 2.09 62.30 0.59 
Ni-Ni 1st 3.46 -7.42 4.59 
Ni-Ni 1st 2.45 72.36 -3 .15 
YNijBjC 
y (1) (t) 
Pair Shel 
1 
A 10' dyn/cm 10' dyn/cm 
C-C 1st 3.55 45.97 35.07 
C-Lu 1st 2.51 44.98 -20.80 
C-B 1st 1.47 308.69 15.06 
C-Ni 1st 3.16 11.03 4.06 
Lu-Lu 1st 3.55 1.28 -15-26 
Lu-B 1st 2.90 28.36 20.84 
Lu-Ni 1st 3.16 8.07 -9.38 
B-B 1st 3.55 -10.39 -3 .78 
B-B 1st 2.93 -24.26 -32.39 
B-Ni 1st 2.11 34.91 17.14 
Ni-Ni 1st 3.55 4.19 -12.91 
Ni-Ni 1st 2.50 50.90 -2.05 
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Table B.5: Elastic constants (10*^ dyn/cm^) obtained by 
fittingthe room temperature data of LuNi2B2C to 
a model. 
C, 
c;; 
-33 
-ss 
2.59 
0.15 
2.48 
0.57 
1.37 
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APPENDIX C: EXPERIMENTAL DATA FOR LuNi^B^C 
The phonon dispersion ciirves for LuNi^BjC were measiired 
at the HFIR on the triple eixis spectrometers HBIA, HBl, HB2, 
and HB3, and at the HFBR on the triple axis spectrometers H-7 
and H-8. The dispersion curves were deteinnined along the 
[100], [001], and [110] siTnmetry directions at varying 
temperatures from room temperature down to 1.8 K. 
The typical experimental setup used for these scans are 
described in the introductory chapter of this thesis. To 
quickly sxxmmarize the experimental setup, most of the 
experimental data was obtained with phonon creation with a 
fixed final energy equal to 14.7 meV. Some experiments 
were done at 30.5 meV also. Most of the experimental scan 
used constant Q, although some of the steeper dispersion 
curves were done in a constant energy configiiration. 
Typically, we used collimation of 40'-monochromator-40'-
sairple-40 '-analyzer-80 '-detector, although tighter 
collimation was also used in some experiments. Most of the 
data collected at the HFIR was done with two crystal mounted 
together. For the low temperature experiments at HBRF, most 
of those experiments were done with only one single crystal. 
The early work done on LuNijB^C was done at the HFIR 
reactor at Oak Ridge National Laboratory. This is where the 
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phonon softening of the two lowest branches was first 
observed, which resulted in our first paper which is chapter 
2 of this thesis. After Kwano's paper on the YNijBjC compound 
came out in Physical Review Letters, we then went back and 
studied the Lu compound in more detail. Those results are 
published in chapters 3-5 of this thesis. Most of this work 
was done in collaboration with Gen Shirane and Steve Shapiro 
of Brookhaven National Laboratory. These later experiments 
which looked exclusively at the phonon softening of the two 
lowest A^ brances were done at BNL. 
Table B.l and B.2 contain a summary of most of the 
experimental phonon data collected on the LuNi^BjC compound up 
to date. Table C.l contains the temperatiire dependent data 
done at both the HFIR and HFRB for the two lowest A^ branches. 
Table C.2 contains all other branches along the A direction 
as well as experimental data in the A and S directions. 
These tables differ from the experimental data in Appendix B 
in that this is a complete set of experimental data and the 
data in Appendix B is only the data used in the Bom-von 
Karm^ lattice dynamical calculations. The data in Appendix 
B are basically a summary of the room temperature data given 
in Tables C.1 and C.2. 
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Table C.l: Experimental data for the two A, branches that 
exhibit softening in LxiNi,B,C. 
:h/q Machine Q Date T[K] (O(meV) Error 
0 .10 HB3 (-0.1,0,8) Apr-95 300 3 .35 0 .15 
0 .10 HBIA (-0.1,0,8) Mar-95 300 3 .30 0 .10 
0 .10 HB2 (0.1,0,8) Feb-95 300 3 .10 0 .10 
0 .10 HB3 (-0.1,0,8) Jxin-95 300 3 .32 0 .10 
0 .20 HB3 (-0.2,0,8) Apr-95 300 6 .10 0 .15 
0 .20 HB2 (0.2,0,8) Feb-95 300 6 .10 0 .10 
0 .20 HB3 (-0.2,0,8) Jim-9 5 300 6 .00 0 .10 
0 .20 HB3 (-0.2,0,8) i^r-95 120 6 .00 0 .15 
0 .20 H8 (0.2,0,8) Aug-96 15 5 .50 0 .20 
0 .20 H8 (0.2,0,8) Aug-96 4 5 .50 0 .20 
0 .25 HB3 (-0.25,0,8) Jim-9 5 2 6 .90 0 .10 
0 .30 HB3 (-0.3,0,8) Apr-95 300 8 .16 0 .15 
0 .30 HB3 (0.3,0,8) Feb-95 300 8 .20 0 .10 
0 .30 HB3 (-0.3,0,8) Jun-95 300 8 .10 0 .15 
0 .30 HB3 (-0.3,0,8) Apr-95 120 8 .09 0 .10 
0 .30 H8 (0.3,0,8) Aug-96 15 7 .50 0 .20 
0 .30 HB3 
CO o
 
ro O
 1 Apr-95 10 7 .99 0 .15 
0 .30 H8 (0.3,0,8) Aug-96 4 7 .50 0 .20 
0 .30 HB3 (-0.3,0,8) Jun-95 2 7 .80 0 .15 
0 .35 HB3 (-0.35,0,8) Apr-95 120 8 .60 0 .20 
0 .35 H8 (-0.35,0,8) Aug-96 30 8 .00 0 .40  
0  .35 H8 (-0.35,0,8) Aug-96 15 8 .00 0 .30 
0 .35 H8 (-0.35,0,5) Aug-96 4  7 .70 0 .20 
0  .36 H8 (-0.362,0,8) Aug-96 15 8 .00 0  .40  
0 .36 H8 (-0.362,0,8) Aug-96 4  8 .00 0  .30 
0 .38 H8 (-0.375,0,8) Aug-96 75 8 .00 0  .40  
0 .38 H8 (-0.375,0,8) Aug-96 30 8 .00 0 . 40  
0 .38 H8 (-0.375,0,8) Aug-96 15 5 .00 0 . 40  
0 .38 H8 (-0.375,0,8) Aug-96 4 5 -50 0 .30 
0 .38 H8 (-0.375,0,8) Aug-96 4 7 .50 0 .50 
0 .40 HB2 
00 o
 
o
 Feb-95 300 9 .60 0 .20 
0  .40 HB3 (-0.4,0,8) Jun-95 300 9 .20 0  .30 
0 .40 HB3 (-0.4,0,8) Jim-95 300 9 .15 0 .20 
0  .40 HB3 (-0.4,0,8) Jun-95 300 9 .10 0 .20 
0 .40 HB3 (-0.4,0,8) Apr-95 120 8 .49 0 .25 
0 .40 HB3 (-0.4,0,8) Jun-95 120 8 .15 0  .20 
0 .40 HB3 (-0.4,0,8) Jun-95 60 7 .60 0 .20 
0 .40 HB3 (-0.4,0,8) Aug-96 30 8 .00 0 .40 
0 .40 HB3 (-0.4,0,8) Apr-95 25 7 .70 0 .25 
0 .40 HB3 (-0.4,0,8) Jun-95 25 7 .60 0 .15 
0  .40 H8 (-0.4,0,8) Aug-96 15 8 .00 0  .30 
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Table C.l (continued) 
0 .40 HB3 (-0.4,0,8) Apr-95 10 7 .60 0 .40 
0 .40 H8 (-0.4,0,8) Aug-96 4 5 .00 0 .50 
0 .40 HB3 (-0.4,0,8) Jun-95 2 7 .50 0 .20 
0 .41 HB3 (-0.41,0,8) Apr-95 2 6 .00 0 .30 
0 .43 HB3 (-0.425,0,8) Apr-95 120 8 .43 0 .20 
0 .43 HB3 (-0.425,0,8) Apr-95 10 5 .10 0 .50 
0 .45 HB3 (-0.45,0,8) Jun-95 300 8 .90 0 .50 
0 .45 HB3 (-0.45,0,8) Jun-95 300 9 .90 0 .50 
0 .45 H8 
C
O
 o
 
in o
 Aug-95 75 8 .00 0 .50 
0 .45 HB3 
00 o
 
in o
 1 Jun-95 60 6 .25 0 .50 
0 .45 H8 0
 
01
 
o
 
00
 
Aug-95 30 6 .00 0 .50 
0 .45 HB3 1 o
 
in
 
o
 
00
 
Jun-95 25 6 .10 0 .50 
0 .45 H8 (0.45,0,8) Aug-95 15 6 .00 0 .30 
0 .45 HB3 (-0.45,0,8) Jun-95 10 4 .32 0 .20 
0 .45 HB3 (-0.45,0,8) Apr-95 10 4 .20 0 .40 
0 .45 H8 (0.45,0,8) Aug-95 4 4 .50 0 .40 
0 .45 H8 (0.45,0,8) Aug-96 4 5 .00 0 .50 
0 .45 HB3 (-0.45,0,8) Jim-9 5 2 4 .39 0 .20 
0 .50 HB3 
00 o
 
in o
 Jun-95 300 9 .14 1 .00 
0 .50 HB3 (-0.5,0,8) Jun-95 300 9 .50 1 .00 
0 .50 HB3 (0.5,0,8) Apr-95 120 8 .74 0 .30 
0 .50 HB3 (0.5,0,8) Apr-95 120 8 .70 0 .50 
0 .50 H8 (0.5,0,8) Aug-96 75 8 .00 0 .50 
0 .50 HB3 (0.5,0,8) Apr-95 60 6 .74 0 .60 
0 .50 HB3 (-0.5,0,8) Apr-95 60 7 .74 0 .40 
0 .50 H8 (0.5,0,8) Aug-96 30 4 .00 0 .50 
0 .50 HB3 (0.5,0,8) Apr-95 25 6 .26 0 .50 
0 .50 HB3 
00 o
 
in 0
 1 Apr-95 25 6 .52 0 .60 
0 .50 HB3 (0.5,0,8) Apr-95 10 3 .80 0 .50 
0 .50 HB3 (-0.5,0,8) Apr-95 10 4 .80 0 .40 
0 .50 H8 (0.5,0,8) Aug-96 4 4 .00 0 .40 
0 .50 HB3 (-0.5,0,8) Jun-95 2 4 .60 0 .20 
0 .53 HB3 (-0.525,0,8) Apr-95 10 6 .00 0 .30 
0 .55 HB3 (-0.55,0,8) Jun-95 300 8 .50 0 .50 
0 .55 HB3 (-0.55,0,8) Jun-95 300 8 .60 0 .50 
0 .55 HB3 (0.55,0,8) Jun-95 300 8 .70 0 .50 
0 .55 HB3 (0.55,0,8) Apr-95 10 5 .76 0 .40 
0 .55 H8 (0.55,0,8) Aug-96 4 5 .50 0 .40 
0 .55 HB3 (-0.55,0,8) Jun-95 2 6 .00 0 .20 
0 .60 HB3 (0.6,0,8) Apr-95 120 8 .59 0 .15 
0 .60 HB3 (-0.6,0,8) Apr-95 10 7 .20 0 .50 
0 .60 HB3 (-0.6,0,8) Jun-95 2 7 .00 0 .50 
0 .70 HB3 (0.7,0,8) Apr-95 300 8 .75 0 .30 
0 .70 HB2 (-0.7,0,8) Feb-95 300 7 .70 0 .40 
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Table C.l (Continued) 
0 .70 HB3 (0.7,0,8) Apr-95 120 7 .90 0 .50 
0 .70 HB3 (0.7,0,8) Apr-95 10 8 .20 0 .60 
0 .70 HB3 (0.7,0,8) Jun-95 2 8 .00 0 .50 
0 .80 HB3 (0.8,0,8) Apr-95 300 8 .20 0 .35 
0 .80 HBIA (0.8,0,8) Mar-95 300 8 .00 0 .60 
0 .80 HB2 (-0.8,0,8) Feb-95 300 8 .30 0 .30 
0 .80 HB3 (0.8,0,8) Apr-95 120 7 .90 0 .50 
0 .80 HB3 (0.8,0,8) Apr-95 10 7 .73 0 .30 
0 .80 HB3 (0.8,0,8) Jun-95 2 7 .50 0 .50 
0 .90 HB3 (0.9,0,8) Apr-95 300 8 .00 0 .30 
0 .90 HBIA (0.9,0,8) Mar-95 300 8 .00 0 .70 
0 .90 HB2 (-0.9,0,8) Feb-95 300 8 .00 1 .00 
0 .90 HB3 (0.9,0,8) Apr-95 120 8 .02 0 .30 
0 .90 HB3 (0.9,0,8) Apr-95 10 7 .17 0 .30 
0 .90 HB3 (0.9,0,8) Jun-95 2 7 .50 0 .50 
0 .95 HBIA (0.95,0,8) Mar-95 300 7 .45 0 .15 
0 .95 HB3 (0.95,0,8) Jun-95 2 7 .00 0 .30 
1 .00 HB3 (1,0,8) Apr-95 300 8 .34 0 .30 
1 .00 HBIA (1,0,8) Mar-95 300 8 .00 0 .70 
1 .00 HB2 (-1,0,8) Feb-95 300 8 .30 0 .30 
1 .00 HB2 (-1,0,10) Feb-95 300 8 .10 0 .30 
1 .00 HB3 (1,0,8) Apr-95 10 5 .93 0 .30 
1 .00 HB3 (1,0,8) Jun-95 2 6 .66 0 .60 
0 .00 HB3 (0,0,8) Apr-95 300 15 .19 0 .15 
0 .00 HB3 (1,0,7) Apr-95 300 15 .09 0 .30 
0 .00 HB2 (1,0,7) Feb-95 300 15 .60 0 .40 
0 .10 HB2 (0.9,0,7) Feb-95 300 15 .10 0 .30 
0 .15 HB3 (0.15,0,8) Apr-95 300 14 .87 0 .15 
0 .20 HB2 (0.8,0,7) Feb-95 300 14 .50 0 .20 
0 .25 HB3 (0.25,0,8) Apr-95 300 14 .18 0 .20 
0 .25 HB3 (0.25,0,8) Jxm-95 300 14 .22 0 .20 
0 .25 HB3 (0.25,0,8) Apr-95 120 14 .06 0 .20 
0 .25 HB3 (0.25,0,8) Apr-95 10 13 .94 0 .20 
0 .25 HB3 (0.25,0,8) Jun-95 2 13 .80 0 .20 
0 .30 HB3 (0.3,0,8) J\m-95 2 13 .10 0 .15 
0 .35 HB3 (0.35,0,8) Apr-95 300 12 .80 0 .20 
0 .35 HB2 (0.65,0,7) Feb-95 300 12 .70 0 .20 
0 .35 HB3 (0.35,0,8) Jun-95 300 12 .70 0 .20 
0 .35 HB3 (0.35,0,8) Apr-95 120 12 .33 0 .25 
0 .40 HB2 (-0.4,0,10) Feb-95 300 11 .40 0 .40 
0 .40 HB3 
00 o
 
o
 Jxm-95 300 11 .85 0 .20 
0 .40 HB3 1 o
 
o
 
00
 
Jun-95 300 11 .50 0 .30 
0 .40 HB3 
00 o
 
o
 Apr-95 120 11 .08 0 .30 
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Table C.l (Continued) 
0 .40 HB3 (0.4,0,8) Jiin-95 120 10 .75 0 .20 
0 .40 HB3 (0.4,0,8) Jim-9 5 60 10 .57 0 .20 
0 .40 HB3 (0.4,0,8) Apr-95 25 10 .50 0 .30 
0 .40 HB3 (0.4,0,8) Jun-95 25 10 .44 0 .20 
0 .40 HB3 (0.4,0,8) Apr-95 10 10 .40 0 .30 
0 .40 HB3 (0.4,0,8) J\xn-95 2 10 .80 0 .30 
0 .45 HB3 (0.45,0,8) Jun-95 300 11 .15 0 .25 
0 .45 HB3 (0.45,0,8) Jim-9 5 300 11 .73 0 .30 
0 .45 HB3 (0.45,0,8) Jun-95 300 11 .23 0 .30 
0 .45 HB3 (0.45,0,8) Jun-95 60 9 .60 1 .00 
0 .45 HB3 (0.45,0,8) J\m-95 25 9 .00 1 .00 
0 .45 HB3 (0.45,0,8) Jun-95 10 8 .70 1 .50 
0 .45 HB3 (0.45,0,8) Jim-95 2 8 .50 1 .00 
0 .46 HB3 (0.46,0,8) Apr-95 120 11 .00 0 .50 
0 .50 HB3 (0.5,0,8) Apr-95 300 11 .73 0 .25 
0 .50 HB3 (0.5,0,8) Apr-95 300 11 .53 0 .30 
0 .50 HB3 (-0.5,0,8) Apr-95 300 12 .20 0 .15 
0 .50 HB3 (-0.5,0,8) Apr-95 300 12 .00 0 .30 
0 .50 HBIA (-0.5,0,8) McLr-95 300 11 .85 0 .20 
0 .50 HB2 (0.5,0,8) Feb-95 300 12 .40 0 .20 
0 .50 HB3 (0.5,0,8) J\in-95 300 11 .38 0 .30 
0 .50 HB3 (-0.5,0,8) Jun-95 300 11 .80 0 .30 
0 .50 HB3 (-0.5,0,8) Jun-95 300 11 .85 0 .30 
0 .50 HB3 (0.5,0,8) Apr-95 120 9 .50 0 .50 
0 .50 HB3 (-0.5,0,8) Apr-95 120 9 .50 0 .40 
0 .50 HB3 (-0.5,0,8) Apr-95 120 9 .24 0 .40 
0 .50 HB3 (-0.5,0,8) Apr-95 10 9 .30 0 .40 
0 .50 HB3 (-0.5,0,8) Jun-95 2 8 .90 1 .00 
0 .55 HB3 (-0.55,0,8) Jun-95 300 12 .93 0 .30 
0 .55 HB3 (-0.55,0,8) Jun-95 300 13 .14 0 .30 
0 .55 HB3 (-0.55,0,8) Jun-95 300 12 .88 0 .30 
0 .55 HB3 (0.55,0,8) Jun-95 300 12 .48 0 .30 
0 .55 HB3 (-0.55,0,8) Apr-95 10 8 .45 0 .50 
0 .55 HB3 (-0.55,0,8) Jun-95 2 8 .50 1 .00 
0 .60 HB3 (-0.6,0,8) Apr-95 300 14 .22 0 .25 
0 .60 HBIA (-0.6,0,8) Mar-95 300 14 .13 0 .25 
0 .60 HBIA (-0.6,0,8) Mar-95 300 14 .50 0 .80 
0 .60 HB2 (0.6,0,8) Feb-95 300 14 .10 0 .40 
0 .60 HB3 (0.6,0,8) Jun-95 300 13 .30 0 .40 
0 .60 HB3 (-0.6,0,8) Apr-95 120 12 .91 0 .20 
0 .60 HB3 (-0.6,0,8) i^r-95 10 10 .30 0 .50 
0 .60 HB3 (0.6,0,8) Jun-95 2 11 .50 1 .00 
0 .65 HB3 (-0.65,0,8) Apr-95 300 15 .06 0 .30 
0 .65 HB3 (0.65,0,8) Jun-95 300 14 .72 0 .30 
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Table C/1 (Continued) 
0 .65 HB3 (-0.65,0,8) Apr-95 120 13 .88 0 .30 
0 HB3 (-0.65,0,8) i^r-95 60 13 .36 0 .25 
0 .65 HB3 (-0.65,0,8) Apr-95 25 13 .23 0 .30 
0 . 65 HB3 (-0.65,0,8) Apr-95 10 13 .00 0 .60 
0 .70 HB3 (-0.7,0,8) Apr-95 300 15 .38 0 .20 
0 .70 HB3 (0.7,0,8) Apr-95 300 15 .21 0 .25 
0 .70 HB2 (-0.7,0,8) Feb-95 300 15 .60 0 .20 
0 .70 HBIA (-0.7,0,8) Mar-95 300 16 .30 0 .70 
0 .70 HB3 (0.7,0,8) Apr-95 120 14 .80 0 .40 
0 .70 HB3 (-0.7,0,8) Apr-95 10 14 .00 0 .30 
0 .70 HB3 (0.7,0,8) Jun-95 2 14 .00 0 .70 
0 .75 HBIA (0.75,0,8) Mar-95 300 15 .06 0 .30 
0 .80 HB3 (0.8,0,8) Apr-95 300 13 .75 0 .30 
0 .80 HBIA (0.8,0,8) Mar-95 300 14 .00 1 .00 
0 .80 HB2 1 o
 
00
 
o
 
00
 
Feb-95 300 13 .50 1 .00 
0 .80 HB3 (0.8,0,8) Jun-95 300 13 .76 0 .40 
0 .80 HB3 (0.8,0,8) Apr-95 120 13 .70 0 .50 
0 .80 HB3 (0.8,0,8) Apr-95 10 13 .42 0 .30 
0 .80 HB3 (0.8,0,8) Jun-95 2 13 .30 0 .50 
0 .85 HB3 (0.85,0,8) Jun-95 300 12 .20 0 .50 
0 .90 HB3 (0.9,0,8) Jun-95 300 11 .00 1 .00 
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Tcible C. 2: Experimental data for the other branches in 
LuNi,B,C 
Branch/q Machine Q Date ©(meV) Error 
0 .05 HB3 (2 .05,0,0) Jun-95 4 .00 0 .20 
0 .11 HB2 (2 .11,0,0) Mar-•95 7 .50 0 .20 
0 .15 HB3 (2 .15,0,0) Apr-•95 9 .75 0 .30 
0 .15 HB3 (2 .15,0,0) Aug-•95 9 .54 0 .20 
0 .15 HB3 (2 .15,0,0) Aug-•95 9 .90 0 .20 
0 .15 HBIA (2 .15,0,0) Aug-•95 9 .90 0 .20 
0 .20 HB2 (2 .195,0,0) Feb-•95 12 .00 0 .30 
0 .20 HB2 (2 .2,0,0) Feb-•95 12 .30 0 .20 
0 .25 HB3 (2 -25,0,0) Jun-•95 13 .90 0 .35 
0 .29 HB2 (2 .294,0,0) Feb-•95 16 .00 0 .40 
0 .35 HB3 (2 -35,0,0) Apr-•95 17 .00 0 .30 
0 .35 HBIA (2 -35,0,0) Feb-•95 17 .40 0 .40 
0 .35 HB3 (2 -35,0,0) Jun-•95 17 .00 0 .50 
0 .35 HB3 (2 .35,0,0) Aug-•95 16 .80 0 .40 
0 .40 HB2 (2 .4,0,0) Feb-•95 18 .50 0 .50 
0 .40 HB3 (0 .6,0,9) Jun-•95 17 .70 0 .35 
0 .50 HB3 (2 .5,0,1) Apr-•95 19 .30 0 .50 
0 .60 HB3 (2 .4,0,1) Apr-•95 17 -60 0 .30 
0 .60 HB3 (2 .4,0,1) Jun-•95 17 .70 0 .30 
0 -65 HBIA (2 .35,0,1) Mar-•95 16 .60 0 .60 
0 .70 HB3 (2 .3,0,1) Apr-•95 15 .60 0 .20 
0 .80 HBIA (2 -2,0,1) Apr-•95 13 .40 0 -15 
0 .85 HB3 (2 .15,0,1) Jun-•95 11 .84 0 .30 
0 .90 HB3 (2 .1,0,1) Apr-•95 10 .50 0 .15 
0 .90 HBIA (2 .1,0,1) Mar-•95 10 .40 0 .15 
0 .95 HBIA (2 .05,0,1) Mar-•95 9 .60 0 .15 
1 .00 HB3 (2 ,0,1) Apr-•95 9 .42 0 .15 
0 .05 HBIA (2 .05,0,0) Mar-•95 14 .05 0 .30 
0 .15 HBIA (2 .15,0,0) Mar-•95 16 -60 0 .25 
0 .20 HBIA (2 .2,0,0) Mar-•95 18 .40 0 .25 
0 .25 HBIA (2 .25,0,0) Mar-•95 20 .40 0 .50 
0 .25 HB3 (2 .25,0,0) Jun-•95 20 .60 0 -50 
0 .30 HBIA (2 .3,0,0) Mar-•95 23 .00 0 -40 
0 .30 HB3 (0 .7,0,9) Jiin-•95 22 .30 0 -60 
0 .40 HBIA (0 .6,0,9) Mar-•95 22 .00 0 -40 
0 .40 HB3 (0 .6,0,9) Jun-•95 22 .40 0 .30 
0 .40 HB3 (0 .6,0,9) Jun-•95 22 -40 0 .50 
0 .50 HB3 (0 .5,0,9) Apr--95 23 -46 0 .50 
0 .50 HBIA (0 .5,0,9) Mar--95 23 -42 0 .60 
0 .60 HBIA (0 .4,0,9) Mar--95 23 .70 0 .50 
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A, #3 
A, #2 
A, #2 
A, 
0 .70 HBIA (0.3, 0,9) Mar-95 24 .50 0 .80 
0 .80 HBIA (1.8, 0,9) Mar-95 25 .50 1 .00 
0 .80 HBIA (0.2, 0,9) Mar-95 25 .80 0 .70 
0 .90 HB3 (0.1, 0,9) Apr-95 25 .15 0 .40 
0 .90 HBIA (0.1, 0,9) Mar-95 26 .00 0 .40 
1 .00 HBIA (0,0, 9) Mar-95 26 .40 0 .40 
0 .00 HBIA (1,0, 9) Mar-95 23 .60 0 .60 
0 .00 HB3 (1,0, 9) Jun-95 23 .40 0 .30 
0 .10 HB3 (0.9, 0,9) Apr-95 23 .54 0 .30 
0 .20 HBIA (0.8, 0,9) Mar-95 25 .50 0 .40 
0 .20 HB3 (0.8, 0,9) Jun-95 23 .00 0 .25 
0 .40 HBIA (2.4, 0,0) Mar-95 27 .10 0 .50 
0 .50 HB3 (2.5, 0,0) J\in-95 30 .50 0 .60 
0 .50 HBIA (2.5, 0,0) Mar-95 30 .70 0 .50 
0 .10 HB3 (2,0. 1,0) Aug-95 4 .94 0 .15 
0 .15 HB3 (2,0. 15, 0 Aug-95 7 .00 0 .20 
0 .15 HB3 (2,0. 15,0) Aug-95 7 .10 0 .15 
0 .30 HB3 (2,0. 3,0) Aug-95 11 .75 0 .50 
0 .40 HB3 (2,0. 4,0) Aug-95 13 .20 0 .30 
0 .15 HB3 (2,0. 15,0) Aug-95 15 .25 0 .30 
0 .30 HB3 (2,0. 3,0) Aug-95 19 .70 0 .40 
0 .50 HB3 (2,0. 5,0) Aug-95 26 .50 0 .40 
0 .75 HB3 (4,0. 75,0) Aug-95 32 .80 0 .50 
0 .90 HB3 (4,0. 9,0) Aug-95 34 .90 0 .70 
1 .00 HB3 (4,1, 0) Aug-95 36 .00 2 .00 
0 .60 HB3 (0.6, 0,10) Jun-95 26 .05 0 .60 
0 .70 HB3 (0.7, 0,10) Jun-95 24 .30 0 .60 
0 .80 HB3 (0.8, 0,10) Jun-95 23 .80 0 .70 
1 .00 HB3 (1,0, 10) Jun-95 23 .90 0 .50 
0 .20 HB3 (2,0, 0.2) Jun-95 2 .23 0 .10 
0 .20 HB3 (2,0, 0.2) Apr-95 2 .26 0 .15 
0 .20 HB2 (2,0, -0.2) Feb-95 2 .20 0 .15 
0 .30 HB3 (2,0, 0.3) Apr-95 3 .34 0 .15 
0 .30 HBIA (2,0, 0.3) Mar-95 3 .21 0 .15 
0 .30 HB2 (2,0, -0.3) Feb-95 3 .50 0 .10 
0 .30 HB3 (2,0, 0.3) Jun-95 3 .32 0 .15 
0 .40 HB3 (2,0, 0.4) Jun-95 4 .26 0 .10 
0 .50 HB3 (2,0, 0.5) Apr-95 5 .22 0 .15 
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0 .50 HB2 (2,0 
0 .60 HB3 (2,0 
0 -70 HB2 (2,0 
0 .80 HB3 (2,0 
0 .80 HBIA (2,0 
0 .90 HB2 (2,0 
0 .90 HB3 (2,0 
0 .95 HB3 (2,0 
0 .95 HB3 (2,0 
1 .00 HB3 (2,0 
1 .00 HB2 (2,0 
0 .00 HB3 (2,0 
0 .00 HB3 (2,0 
0 .05 HB3 (2,0 
0 .20 HB3 (2,0 
0 .20 HB2 (4,0 
0 .40 HB3 (2,0 
0 .40 HBIA (2,0 
0 .40 HB2 (4,0 
0 .60 HB3 (2,0 
0 .60 HB2 (4,0 
0 .60 HBIA (2,0 
0 .70 HB2 (2,0 
0 .80 HB3 (2,0 
0 .80 HBIA (2,0 
0 .90 HB3 (2,0 
0 .90 HBIA (2,0 
0 .20 HB3 (0,0 
0 .30 HB2 (0,0 
0 .40 HB3 (0,0 
0 .40 HBIA (0,0 
0 .40 HB2 (0,0 
0 .50 HB2 (0,0 
0 .60 HB3 (0,0 
0 .60 HB2 (0,0 
0 .70 HB2 (0,0 
0 .70 HB3 (0,0 
0 .80 HB3 (0,0 
0 .80 HB2 (0,0 
0 .90 HB3 (0,0 
0 .90 HB2 (0,0 
0 .95 HB3 (1,0 
-0.5) Feb-95 5 .50 0 .10 
0.6) Jun-95 6 .07 0 .15 
-0.7) Feb-95 7 .10 0 .10 
0.8) Apr-95 7 .78 0 .15 
0.8) Mar-95 7 .76 0 .15 
-0.9) Feb-95 8 .60 0 .10 
0.9) Apr-95 8 .57 0 .15 
0.95) Apr-95 8 .89 0 .15 
0.95) Jun-95 8 .80 0 .10 
1) Apr-95 9 .42 0 .10 
-1) Feb-95 9 .40 0 .10 
0) Apr-95 13 .88 0 .20 
0) Jun-95 13 .88 0 .20 
-0.05) Apr-95 14 .01 0 .15 
-0.2) Apr-95 13 .77 0 .15 
0.2) Feb-95 13 .70 0 .50 
-0.4) Apr-95 13 .01 0 .20 
-0.4) Mar-95 12 .95 0 .30 
0.4) Feb-95 13 .30 0 .30 
-0.6) Apr-95 12 .17 0 .20 
0.6) Feb-95 12 .10 0 .30 
-0.6) Mar-95 12 .00 0 .25 
0.7) Feb-95 11 .30 0 .40 
-0.8) Apr-95 10 .85 0 .25 
-0.8) Mar-95 10 .50 0 .25 
-0.9) Apr-95 10 .10 0 .20 
-0.9) Mar-95 10 .00 0 .70 
8.2) Jun-95 4 .30 0 .40 
8.3) Feb-95 6 .30 0 .30 
8.4) Apr-95 8 .08 0 .20 
8.4) Mar-95 8 .07 0 .15 
8.4) Feb-95 7 .80 0 .40 
8.5) Feb-95 8 .40 0 .30 
8.6) i^r-95 8 .80 0 .25 
8.6) Feb-95 8 .90 0 .30 
8.7). Feb-95 9 .00 0 .30 
8.7) Jun-95 8 .92 0 .25 
8.8) Jun-95 8 .21 0 .20 
10.8) Feb-95 7 .70 0 .50 
8.9) Apr-95 8 .39 0 .15 
10.9) Feb-95 8 .90 0 .30 
7.95) Jun-95 8 .23 0 .25 
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1 .00 HB3 (1,0,8) Jun-95 8 .24 0 .15 
0 .00 HB3 (0,0,8) Apr-95 15 .19 0 .15 
0 .10 HB3 (0,0,8.1) Jun-95 15 .00 0 .25 
0 .20 HB3 (0,0,8.2) Apr-95 15 .38 0 .20 
0 .20 HB3 (0,0,8.2) Jun-95 16 .04 0 .15 
0 .30 HBIA (0,0,8.3) Mar-95 16 .04 0 .15 
0 .40 HBIA (0,0,8.4) Max-95 17 .10 0 .15 
0 .50 HBIA (0,0,8.5) Mar-95 18 .40 0 .20 
0 .60 HBIA (0,0,8.6) Mar-95 20 .10 0 .30 
0 .70 HBIA (0,0,8.7) Mar-95 22 .10 0 .10 
0 .90 HB3 (0,0,8.9) Apr-95 24 .96 0 .20 
0 .90 HBIA (0,0,8.9) Mar-95 24 .80 0 .25 
1 .00 HBIA (0,0,9) Mar-95 26 .40 0 .40 
0 .00 HB3 (1,0,9) Jun-95 23 .40 0 .30 
0 .20 HB3 (1,0,9.2) Jun-95 23 .40 0 .30 
0 .40 HB3 (1,0,9.4) Jun-95 23 .70 0 .30 
0 .70 HB3 (1,0,9.7) Jun-95 23 .80 0 .30 
0 .80 HB3 (1,0,9.8) Jun-95 24 .10 0 .35 
1 .00 HB3 (1,0,10) Jun-95 23 .80 0 .40 
0 .06 HB3 (2.06,.06,0) Aug-95 6 .00 0 .30 
0 .10 HB3 (2.1,2.1,0) Aug-95 9 .80 0 .40 
0 .15 HB3 (2.15,2.15, 0) Aug-95 15 .50 0 .50 
0 .40 HB3 (1.6,2.4,0) Aug-95 18 .40 1 .00 
0 .00 HB3 (2,2,0) Aug-95 13 .80 0 .30 
0 .10 HB3 (2.1,2.1,0) Aug-95 17 .00 0 .30 
0 .20 HB3 (2.2,2.2,0) Aug-95 24 .60 0 .40 
0 .30 HB3 (2.3,2.3,0) Aug-95 32 .00 0 .60 
0 .50 HB3 (2.5,2.5,0) Aug-95 36 .00 1 .50 
0 .10 HB3 (2.1,0.1,0) Aug-95 4 .54 0 .25 
0 .13 HB3 (2.13,0.13, 0) Aug-95 6 .60 0 .20 
0 .20 HB3 (2.2,.2,0) Aug-95 8 .70 0 .20 
0 .25 HB3 (2.25,0.25, 0) Aug-95 10 .60 0 .30 
0 .30 HB3 (2.3,0.3,0) Aug-95 12 .50 0 .30 
0 .40 HB3 (1.6,2.4,0) Aug-95 15 .00 0 .40 
0 .40 HB3 (3.6,0.4,0) Aug-95 15 .00 0 .60 
0 .45 HB3 (2.45,0.45, 0) Aug-95 15 .70 0 .30 
0 .50 HB3 (1.5,2.5,0) Aug-95 16 .80 0 .60 
0 .50 HB3 (1.5,2.5,0) Aug-95 16 .90 0 .40 
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Z, #2 
0.10 HB3 
0 .25 HB3 
(1.9,2.1,0) Aug-95 14.00 0.50 
(1.75,2.25,0) Aug-95 16.10 0.60 
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APPENDIX D. DYSON'S EQUATION 
This appendix will follow the derivation given by Mattuck."' 
Before we get to Dyson's ecjuation, we will talk briefly 
about Green's function propagators. The Green's function 
propagator is usually in the form 
Gik,,, r, - r,) = -i{x(/o \T{c^^ (t, )c^ (r,) }| (//-q), 
where c^(f) and q (r) create and destroy a particle at time t, 
T is the Wick time-ordering operator, and i/Tq is the exact 
normalized wave function of the ground state of the 
interacting N-particle system. These creation and 
destruction operators are in the 'Heisenberg picture' defined 
by 
where H is the Hamiltonian of the interacting system. The 
Green's function propagator defined above destroys a particle 
at K, tj, and creates a particle at k,, t,. Essentially, the 
Green's function propagator is a probability amplitude that 
the system will go from an initial state to a final state. 
The Green's function includes all intermediate states in the 
probability amplitude. Since there is an infinite number of 
possible intermediate states, the Green's function can end up 
representing an infinite series of possible states. 
Typically, instead of looking at this infinite number of 
140 
states, the series is transformed as a geometrical series 
into a single expression. This greatly simplifies the 
problem, but it still leaves the determination of the single 
expression. 
To derive Dyson's equation, we will have to use methods 
that go beyond ordinary perturbation theory. This will 
require the infinite summation of possible states, many of 
these states are infinite. This geometric summation can be 
rewritten in such a way that is it possible to simplify the 
summation into a finite expression. This partial s-um 
technique can be generalized to yield an extremely convenient 
exact expression for the propagator which is known as Dyson's 
equation. This sum is possible since we are only dealing 
with simple repeated parts of diagrams which are handing on 
the main directed (k, CO)-line. These simple diagrams are 
bxibbles, open oysters, rings, etc. which can be written 
without the main propagator line. Once we look at all 
possible cases that use these simple diagrams, the series is 
then summed into a finite form. If this siim is over all 
repetitions of all irreducible self-energy parts, we end up 
with Dyson's equation for a single particle. Translating 
Dyson's diagram into Green's function propagators, we end up 
with 
G(k,a)) i . 
co-(o^ -2(k,fi)) + /<54 
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In the above equation, I(k,G)) is related to the siom of all 
proper self-energy parts. Of course, for non-interacting 
systems, Z(k,Q))=0. Dyson's equation is the basic equation 
most propagator calculations start from. Of course, 
determining Z(k,Q)) is still very difficult, but the problem is 
simpler than trying to calculate the Green's f-unction 
propagators for the entire infinite series of diagrams. 
Dyson's equation lets us simplify the problem immensely. 
Typically determining S(k,fi}) is where the approximations come 
into play. Certain diagrams will dominate and only those are 
calculated, while the other less important diagrams are not 
calculated. It is important to note that Dyson's equation in 
this form is only valid when no external potentials exist, 
and the diagrams calculated are in (k,©) space. 
In the high-density electron gas, nearly the entire 
contribution to the self energy comes from the ^ring' 
diagrams ('random phase approximation' or 'RPA'). This 
interaction can be interpreted as a 'screened' interaction 
between two particles. These rings are often called 
'polarization diagrams' since they have one interaction line 
entering and one leaving the diagram. They show how the 
interaction causes the medium to become 'virtually polarized' 
in all possible ways. This approximation allows us to write 
the effective potential as 
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V 
where e^^(q,fi)) is the generalized dielectric constant. The 
dielectric properties of a medium arise because of the 
polarization of the medium by a field, and the s\jm of all 
ring diagrams represents the polarization of the electron gas 
by the field of one of the electrons in the gas itself. 
The field theory related to this dissertation is 
discussed in Chapter 6. The theory starts out with Dyson's 
equation. From the optical theorem we know that the spectral 
function is related to the imaginary part of the green's 
function. In this case, the Green's function is for a 
collective excitation, and not a single particle excitation 
which was covered above. Similar to the single particle case, 
for the collective excitation, the Dyson's equation is given 
by 
D{q,(0) = 7-^- , 
where D is the Dyson's Green's function, (Oq is an undamped 
phonon frequency, and L(q,a)) is the exact self energy with no 
approximation. 'In this case, the important term to the self 
energy are the ring diagrams. Hence, we will approximate the 
self energy as 
2:(q,a)) = l^(pfn(q,G}). 
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and all other contribution are considered to be non-important 
and ignored. In the above equations, 2;(q,ct)) is the self 
energy which for this case has been approximated using only 
the simple ring diagrams, g(p) is the electron-phonon 
coupling constant, and n(q,iy) is the irreducible 
polarizability. The problem arises in exactly how to 
determine n(q,G)) which contains a very difficult integral. To 
perform this integral some assumptions must be made. 
Schuster extended the limits on integration out to infinity, 
while Varma made assxamptions about the fermi surface to 
perform the integral. The results of these calculations are 
talked about in Chapter 6. 
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